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Tumor cells with defective apoptosis pathways often respond to chemotherapy by entering irreversible cell cycle
arrest with features of senescence. However, rare cells can bypass entry to senescence, or re-enter cell cycle from a
senescent state. Deficiency in senescence induction and maintenance may contribute to treatment resistance and early
relapse after therapy. Senescence involves epigenetic silencing of cell cycle genes and reduced rRNA transcription. We
found that senescence-inducing treatments such as DNA damage and RNA polymerase | inhibition stimulate the
binding between the nucleolar protein NML (nucleomethylin) and SirT1. The NML complex promotes rDNA
heterochromatin formation and represses rRNA transcription. Depletion of NML reduced the levels of H3K9Me3 and
H3K27Me3 heterochromatin markers on rDNA and E2F1 target promoters in senescent cells, increased rRNA
transcription, and increased the frequency of cell cycle re-entry. Depletion of the nucleolar transcription repressor factor
TIP5 also promoted escape from senescence. Furthermore, tumor tissue staining showed that breast tumors without
detectable nucleolar NML expression had poor survival. The results suggest that efficient regulation of nucleolar rDNA
transcription facilitates the maintenance of irreversible cell cycle arrest in senescent cells. Deficiency in nucleolar

transcription repression may accelerate tumor relapse after chemotherapy.

Introduction

Replicative senescence was initially defined as a cell culture
phenomenon in which extensive passage of primary fibroblasts
results in telomere erosion, activation of DNA damage signaling,
and irreversible cell cycle arrest." Senescent cells exhibit large flat
cell morphology, increased p21/pl6 levels, active metabolism
and autophagy, and increased lysosomal SA-B-gal activity. Onco-
gene activation and chemotherapy also induce premature senes-
cence that is similar to replicative senescence in cell morphology
and the expression profile of molecular markers.” SA-B-gal stain-
ing of human tissues suggests that senescence occurs 7z vivo in
aged tissues, pre-malignant lesions, and in tumors treated with
chemotherapy.

Cellular senescence has complex and highly context-depen-
dent effects for the host organism." Secretion of cytokines and
matrix metalloproteases by senescent mesenchymal cells (the
SASP phenotype) may promote inflammation, accelerated aging,
degenerative diseases, and tumor growth.4 Removal of senescent
cells in mice has been shown to reduce aging phenotypes.” Che-
motherapy-induced tumor cell senescence may prevent apoptosis
and lead to drug resistance.®” However, in certain settings drug-
induced senescence may mediate the anti-tumor effect of chemo-
therapy. Mouse models showed that tumor cells with defective

*Correspondence to: Jiandong Chen; Email: Jiandong.chen@moffitt.org
Submitted: 07/29/2015; Revised: 09/09/2015; Accepted: 09/22/2015
http://dx.doi.org/10.1080/15384101.2015.1100777

www.tandfonline.com

Cell Cycle

apoptosis pathway respond to chemotherapy by entering senes-
cence.” The SASP phenotype promotes clearance of senescent
tumor cells by the immune system.” In such context, senescence
is beneficial and may lead to a stable disease state or tumor clear-
ance after therapy. However, cell culture showed that after drug
treatment, rare tumor cells may bypass the initiation of senes-
cence or re-enter cell cycle from a senescent state.'” The escape
from senescence may allow a subset of treated tumor cells to
evade immune clearance and cause relapse of tumors after
therapy.

During induction of senescence in cultured cell, multple
small nucleoli characteristic of proliferating cells often fuse to
form a single large nucleolus, indicating significant changes in
nucleolar rDNA chromatin structure and function. rRNA syn-
thesis consumes >50% of cellular transcriptional activity, and is
tightly coupled to nutrient availability and growth signaling.'’
The c-Myc oncogene is a potent activator of rRNA transcription.
RNA polymerase I (Pol I) activity is regulated by mTOR, which
promotes the recruitment of Pol I to rDNA promoters.'> The
basal factor UBF of the Pol I initiation complex is also targeted
by the Rb, ARF and p53 tumor suppressor proteins.'>'> There-
fore, numerous growth and stress signals converge on regulating
Pol T activity and rRNA transcription. Recently the RNA Pol I-
specific inhibitor CX5461 has shown promise as an anti-tumor
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agent in animal models, in part by activating p53 through the
nucleolar stress signaling mechanism that inhibits MDM?2
function.'®!”

Nearly 50% of rDNA repeats are present as heterochromatin
in growing cells, which is important for maintaining genetic sta-
bility. "% The NoRC (nucleolar remodeling complex) is important
for switching IDNA between silent and active state. NoRC is a
chromatin remodeling complex that recruits DNMT and
HDAC to the promoter to trigger heterochromatin formation
and silencing.'” A recent study identified a novel repressor com-
plex (eNoSC) that also regulates rRNA transcription.”® The
eNoSC complex contains SirT'l, SUV39H]1, and a novel nucleo-
lar protein NML (nucleomethylin).?® Knockdown of NML
increases rRNA transcription and prevents the inhibition of
rRNA synthesis by glucose starvation. NML represses IDNA by
promoting H3K9 methylation and establishing heterochromatin
across the tDNA. NML has an N terminal half that binds
H3K9me2, and a C-terminal domain homologous to SAM-
dependent methyltransferase.”® The factors present in the NML
complex suggest that it can promote the spreading of heterochro-
matin marks across the rDNA.

The biochemical properties of NML suggest that it may con-
tribute to the regulation of senescence. Senescence involves stable
epigenetic silencing of proliferation genes and reduced rRNA
transcription.” Silenced E2F target genes form heterochromatin
foci (SAHF) visible in some senescent human cells.*' Presum-
ably, senescence requires establishing and maintaining positive
feedback loops in the heterochromatinization of key proliferation
genes. Heterochromatin proteins HP1, SUV39H1, and NML
bind to methylated H3K9 and then promote further methylation
of adjacent H3K9. Therefore they have the ability to establish
self-sustaining silencing when given proper initiation signals.
Recent study suggested that the RNA sensing ability of NML
provides a novel positive feedback mechanism in regulating
rDNA silencing.*

In this report we describe evidence that NML facilitates tumor
cells to initiate and maintain irreversible cell cycle arrest during
drug-induced senescence. Deficiency in NML expression
increases the probability of tumor cell escape from drug-induced
senescence, and correlates with poor survival in breast cancer
patients. The results reveal a role of nucleolar transcription
repression in maintaining cellular senescence, and implicate
abnormal NML expression as a marker of poor survival in breast
cancer.

Results

Depletion of NML reduces the efficiency of senescence
response

To investigate the role of NML in regulating drug-induced
senescence, NML was stably knocked down in A549 cells using 2
different shRNA (Fig. 1A). Both A549-NML shRNA cell lines
showed increased pre-rRNA level as expected (Fig. 1B). The con-
trol shRNA and NML shRNA expressing cells showed similar
growth rates under normal culture conditions (data not shown).
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Prolonged treatment of A549 cells by low-dose doxorubicin
caused senescence phenotypes such as cell cycle arrest and SA-
B-gal positive staining. Importantly, the treated cells showed low
probability of colony formation after drug removal for 21 d
(Fig. 1C, top panels). Therefore, the majority of the cells
(>99.9%) have established irreversible cell cycle arrest during the
drug treatment, which is an important feature of senescence.
NML knockdown significantly increased the frequency of colony
formation after drug washout (Fig. 1D, lower panels). SA-B-gal
staining showed that a fraction of NML knockdown cells
remained negative for this senescence marker after doxorubicin
treatment (Fig. 1C), suggesting that some of these cells may be
responsible for colony formation. Two different NML shRNAs
produced similar results (Fig. 1D). Recent study showed that the
RNA Pol I inhibitor CX5461 is an efficient inducer of senes-
cence.'® Knockdown of NML also reduced the efficiency of
CX5461-induced senescence based on the SA-B-gal marker stain-
ing (Fig. 1E) and colony formation assay (data not shown).
Therefore, NML facilitates the initiation of drug-induced senes-
cence. The presence of SA-B-gal negative cells immediately after
drug treatment, and the increased formation of colonies after
drug washout suggest that a small subset of cells (<0.1%) did
not fully commit to irreversible arrest during treatment and
quickly resumed proliferation after drug removal.

To test whether NML knockdown led to the emergence of
drug-resistant cells, the NML-deficient colonies formed after
drug washout were pooled and re-treated with doxorubicin for
7 days, followed by drug removal and long-term culture. The
colony formation efficiency after such treatment was similar to
the original NML-deficient cells (data not shown). Therefore,
the colonies retained the same level of drug sensitivity as the
parental NML-deficient cells, suggesting that they had not under-
gone permanent mutations or epigenetic changes that confer clas-
sic drug resistance.

A549 cells express wild type p53, which is an important
inducer of senescence. To test the role of NML in senescence
response in other cell lines with different genetic background, we
knocked down NML in H1299 (lung cancer, p53 null) and
MCEF?7 (breast cancer, p53 wild type). The frequency of colony
formation after doxorubicin treatment was also increased in both
H1299 (Fig. 1F) and MCEF7 cells with NML knockdown (data
not shown), suggesting that NML regulates senescence initiation
or maintenance in multiple cell types.

NML expression prevents reversal from senescence

Although senescence is often perceived as being synonymous
with irreversible cell cycle arrest, previous study showed that cer-
tain senescent cells could revert to active cell cycle after inactiva-
tion of p53.%* To test whether NML expression is also needed to
prevent reversal from senescence, A549 cells were pre-treated
with doxorubicin for 7 d. The senescent cells were then tran-
siently transfected with NML siRNA (Fig. 2A), followed by
incubation in drug-free medium for 21 d. The result showed that
transient NML knockdown in senescent cells caused an increase
in colony formation (Fig. 2B), suggesting a small number of
senescent cells reverted to active cell cycle. As expected, transient
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Figure 1. NML knockdown promotes escape from drug-induced senescence. (A) A549 cells were stably infected with retrovirus expressing NML shRNAs.
NML knockdown efficiency was confirmed by protein gel blot. (B) Pre-rRNA expression levels in stable NML knockdown cell lines were determined by
RT-qPCR. Values are mean =+ SD of triplicates. The results are reproducible in multiple experiments. (C) A549 stable NML knockdown cells were treated
with 0.1 wM doxorubicin for 7 days, cultured in drug-free medium for 7 days, and stained for SA-B-gal activity. Circled area indicates SA-3-gal-negative
cells that may have bypassed senescence during drug treatment or undergone reversal after drug removal. Colonies formed over a senescent cell mono-
layer were stained by crystal violet at 21 d Bar=20 pum. (D) Colony formation efficiency by A549 with NML knockdown after senescence induction with
0.1 wM doxorubicin for 7 d followed by drug washout for 21 d without re-seeding. (E) A549 cells were treated with 0.1 uM CX5461 for 7 d and stained
for SA-B-gal. Bar=20 pwm. (F) H1299 stably infected with NML shRNA retroviruses were treated with doxorubicin for 5 d and cultured in drug-free medium

knockdown of p53 also caused significant colony formation in
senescent A549 cells (Fig. 2B). These results suggest that in cells
already committed to senescence, NML expression continues to
play a role in maintaining cell cycle arrest similar to p53, contrib-
uting to the irreversibility of senescence phenotype.

Nucleolar silencing facilitates induction of senescence

Since NML functions in the nucleolus, the above results sug-
gest that efficient silencing of nucleolar transcription facilitates
the initiation or maintenance of senescent cells. If this is the case,
perturbing other nucleolar transcription repressors should also
compromise senescence response. To test this hypothesis, the
TIP5 subunit of nucleolar repressor complex NoRC was knocked
down using 2 shRNAs (Fig. 2C). As expected, inactivation of
NoRC caused increased pre-rRNA expression (Fig. 2D), and
increased the frequency of colony formation after treatment with
doxorubicin (Fig. 2E). TIP5 knockdown also increased the
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fraction of SA-B-gal negative cells after drug treatment (data not
shown). Overall, these results suggest that precise regulation of
nucleolar rRNA transcription level facilitates the induction and
maintenance of senescence.

NML promotes nucleolar rDNA heterochromatin formation
in senescent cells

Previous study showed that rRNA binds to NML and inhibits
the formation of NML-SirT1 complex, possibly providing a pos-
itive feedback mechanism.*? Consistent with this finding, tran-
sient (2 hrs) inhibition of RNA Pol I using CX5461 stimulated
endogenous NML-SirT1 binding (Fig. 3A). Senescent cells
undergo significant changes in nucleolar morphology, which is
likely to involve changes in the functional status of NML. To test
this possibility, A549 cells treated with doxorubicin and CX5461
for 4-7 d were analyzed for pre-rRNA level as a surrogate for
rRNA transcription. The level of pre-rRNA in the senescent cells
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Figure 2. Depletion of NML in senescent cells promotes escape. (A) A549 cells were treated with 0.1 M doxorubicin for 7 d and then transfected with
NML siRNA for 2 d. NML knockdown in senescent cells was verified by western blot. (B) A549 cells were treated with 0.1 .M doxorubicin for 7 d to induce
senescence, followed by transfection with NML or p53 siRNA. Colonies formed over the senescent monolayer were stained after 21 d (C) A549 cells were
stably infected with retrovirus expressing TIP5 shRNA, the knockdown efficiency was confirmed by RT-qPCR. Values are mean = SD of triplicates. (D) Pre-
rRNA expression levels in A549 TIP5 knockdown cells were determined by RT-gPCR. Values are mean =+ SD of 3 experiments. (E) A549 TIP5 knockdown
cells were treated with 0.1 .M doxorubicin for 7 d Colony formation in drug-free medium was determined without re-seeding.

decreased by 50% (Fig. 3B). NML-SirT1 binding was increased
in cells chronically treated with doxorubicin or CX5461
(Fig. 3C), suggesting NML was in an activated state in senescent
cells. NML knockdown correlates with increased pre-rRNA level
in senescent cells (Fig. 3D), suggesting that it is required for effi-
cient regulation of rRNA transcription during senescence.

Consistent with the down regulation in pre-rRNA level,
induction of senescence was accompanied by increased repressive
chromatin marks H3K9me3 and H3K27me3 on the rDNA pro-
moter. Knockdown of NML significantly reduced both markers
on rDNA, correlating with elevated pre-rRNA expression (Fig..
3E-F). Two different NML shRNA produced the same effects
(Fig. 3G). The results suggest that initiation of senescence
involves increased heterochromatin formation at the rDNA loci,
which in part requires the function of NML.

Loss of NML delays induction of senescence and irreversible
arrest

To further test the mechanism by which NML enhances
senescence response, A549 cells were treated with doxorubicin
for different time points and analyzed for cell cycle markers by
western blot. The results revealed that NML knockdown reduced
the magnitude of p21 induction by doxorubicin (Fig. 4A). The
down regulation of cyclin B level was incomplete in NML
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knockdown cells after 3 d of doxorubicin treatment, although
they were reduced to the same level as control cells after 7 d of
treatment (Fig. 4A). Similar results were also observed using
CX5461 as inducer of senescence (Fig. 4A). NML knockdown
did not prevent p53 stabilization by doxorubicin, suggesting that
the reduced p21 level may be due to deficiency in p53 activity or
p53-independent mechanisms. These results suggest that a small
sub-population of NML-deficient cells have a delayed cell cycle
arrest response after DNA damage, which may prevent establish-
ment of robust epigenetic modifications needed for irreversible
arrest, resulting in rapid resumption of proliferation after drug
removal.

Recent studies suggested that mTOR activity is required for
the induction of senescence.”* We found that the phosphoryla-
tion level of ribosomal protein S6 (a substrate of the mTOR tar-
get S6 kinase) was moderately reduced in A549 cells after
knockdown of NML or TIP5 (Fig. 4B), suggesting that abnor-
mal increase in rRNA transcription may down regulate mTOR
activity. mTOR is a key driver of biosynthesis and its activity is
stimulated by cellular ATP, glucose and amino acid levels. NML
knockdown causes increased rRNA synthesis that consumes cel-
lular resources, these changes may trigger negative feedback sig-
nals to lower mTOR activity in order to maintain homeostasis.
To determine whether mTOR activity affects the initation of
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Figure 3. NML knockdown prevents heterochromatin formation on rDNA. (A) A549 cells were treated with 0.3 wM CX5461 for 2 hrs and 24 hrs. Endoge-
nous NML-SirT1 binding was analyzed by SirT1 IP and NML protein gel blot. (B) Pre-rRNA level in senescent cells induced by 0.1 wM doxorubicin or 0.3
M CX5461 for 7 d was determined by RT-qPCR. Values are mean =+ SD of triplicates. (C) A549 cells were incubated with indicated drugs for 4 d The
endogenous SirT1-NML complex was detected by IP-western blot. (D) Pre-rRNA level in A549 NML knockdown cells treated with 0.1 wM doxorubicin for
24 and 72 hrs was analyzed by RT-qPCR. Values are mean =+ SD of triplicates. (E, F) A549 NML knockdown cells were treated with 0.3 M CX5461 for 1
and 7 d H3K9Me3 and H3K27Me3 levels on rDNA promoter were detected by ChIP and qPCR. (G) A549 expressing 2 different NML shRNA were treated
with CX5461 for 7 d and analyzed for histone methylation at the rDNA promoter by ChlP.

senescence in A549 cells, the effect of mTOR inhibitor rapamy-
cin was tested. The result showed that cells simultaneously
treated with doxorubicin/rapamycin formed colonies with higher
frequency compared to doxorubicin alone (Fig. 4C), and had
weaker SA-B-gal staining (Fig. 4D). These results suggest that
deficiency in nucleolar transcription silencing dampens p21
response to DNA damage and also reduces mTOR activity, both
changes may contribute to the partial deficiency in senescence
induction and maintenance.

Partial activation of senescence-related genes in
NML-deficient cells

Senescence involves activation and repression of numerous
genes in cell cycle, growth signaling, autophagy, and secretion
pathways. As an unbiased survey of NML knockdown on senes-
cence-related gene expression, QRT-PCR was performed for a
panel of 84 genes implicated in senescence. A549 control and
NML knockdown cells were compared before and after CX5461
treatment for 5 d. The results showed that among the 84 genes
analyzed, 18 were induced >2 fold and 6 were repressed >5
fold after CX5461 treatment for 5 d in control A549 cells
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(Fig. 5A). Most of the top activated genes were expressed at
lower levels in NML knockdown cells after treatment (Fig. 5B,
lower left shaded area). Furthermore, most of the strongly
repressed genes were expressed at higher levels in NML-deficient
cells (Fig. 5B upper right shaded area). Overall, 6 out of 18 genes
that were activated in senescent cells were expressed at 1.5 to 3-
fold lower levels after NML knockdown, whereas 5 out of 6 genes
repressed in senescent cells were expressed at 1.3 to 1.6-fold
higher levels in NML-deficient cells. Analysis of cells after 7 d of
CX5461 treatment confirmed most of the gene expression
changes observed in the 5 day treatment (data not shown).
Therefore, NML knockdown caused partial deficiencies in the
activation and repression of multiple genes involved in senes-
cence induction.

Deficiency in E2F target gene heterochromatin formation

The results described above showed that the majority of
NML-deficient cells (>99.9%) were still capable of initiating
and maintaining irreversible cell cycle arrest after drug treatment
despite partial deficiencies in senescent gene expression. How-
ever, a minute fraction of the cells have increased frequency of
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Figure 4. NML knockdown compromises cell cycle regulation. (A) A549 NML knockdown cells were treated
with 0.1 wM doxorubicin or 0.3 wM CX5461 for 3 and 7 d. Expression levels of cell cycle markers were ana-
lyzed by protein gel blot. Numbers in boxes show pair-wise quantitation of control shRNA and NML shRNA.
(B) The level of phosphorylated ribosomal protein S6 (Ser240/Ser244) was determined in A549 NML and
TIP5 knockdown cells by western blot. Numbers represent relative quantitation of bands. (C) A549 cells
were co-treated with doxorubicin and rapamycin for 7 d and cultured in drug-free medium for 21 d to detect
colony formation over the senescent monolayer. (D) A549 cells were co-treated with doxorubicin and rapa-

(Fig. 7B). Analysis using a gene
expression database with 3450 sys-
temically treated breast cancer
patients showed that increased
NML mRNA expression was asso-
ciated with better relapse-free and

resuming clonal growth. We hypothesized that the multi-gene
expression changes after NML knockdown leads to less robust
epigenetic modifications on certain promoters. While the com-
promised gene regulation is still sufficient for irreversible arrest,
the probability of reactivation by sporadic events after drug
removal is increased.

Of particular interest was the partial defect in E2F1 mRNA
down regulation in NML-deficient cells, which resulted in 1.5-fold
higher level of E2F1 after 5 d of treatment (Fig. 5B). To test
whether NML deficiency affects heterochromatin formation at
E2F1 target genes, ChIP analyses were performed using H3K9me3
and H3K27me3 antibodies. Analysis of several E2F1 target pro-
moters (PCNA, Cyclin A, Cyclin E) showed that histone methyla-
tion at these promoters were increased in senescent cells, with
H3K27me3 level increased more significantly compared to
H3K9me3. Knockdown of NML was associated with reduced
H3K9me3 and H3K27me3 levels at these promoters, in both pro-
liferating cells and senescent cells (Fig. 6A-B). Similar analysis
showed that TIP5 knockdown also reduced the induction of
H3K9me3 and H3K27me3 at the E2F1 target promoters (Fig. 6C-
D). Therefore, deficiency in nucleolar transcription repression not
only affects heterochromatin formation on rDNA repeats, but pre-
vents the modification of nucleoplasmic promoters. The results sug-
gest that the rapid emergence of a small number of proliferating
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overall  survival  (Fig. 7C).%
Higher expression of TIP5
mRNA was also associated with
better relapse-free survival

(Fig. 7D). Therefore, reduced NML expression may facilitate
tumor formation and contribute to poor survival in breast cancer.

To further test the significance of NML expression, a breast
TMA (n=121) was analyzed by IHC staining. The result showed
that 54% (n=65) had weak to strong nucleolar staining (NML-
positive. Examples in Fig. 8A-C), 46% (n=56) of the samples
had no detectable staining (NML-negative, Example in Fig. 8D).
NML-negative staining was correlated with early death overall
(Fig. 8E), strongly correlated with early death in ER-negative
populations (n=31) (Fig. 8G). The ER-positive population also
suggested a similar trend but the result did not reach statistical
significance (Fig. 8F). Due to inherently better prognosis in the
ER-positive population, a larger sample size will be needed to
determine whether NML expression correlates with survival in
this group. These results suggest that absence or low NML
expression in breast tumors is associated with poor survival and
early recurrence for the high-risk ER-negative population.

Discussion

The nucleolus was traditionally regarded as simply a ribosome
factory. Recent studies suggest that it is also an important sensor
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Figure 5. NML depletion alters the regulation of senescence-related
genes. (A) A549-control shRNA cells were treated with 0.3 wM CX5461
for 5 d and the mRNA levels of 84 senescence-related genes were ana-
lyzed by RT-PCR. Fold changes were determined by comparing treated
to untreated cells. The genes were sorted from strongest induction (left)
to strongest repression (right). The names of the top 18 activated genes
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of cellular stress and DNA damage.”®*” Inhibition of nucleolar
rRNA transcription by chemotherapy agents or serum starvation
leads to activation of p53, mediated by excess ribosomal proteins
that bind to MDM2 and prevent p53 degradation.”® The nucleo-
lus has also been suggested to act as a depot for factors that act
outside the nucleolus, such as the ARF tumor suppressor that
function as an inhibitor of MDM2. Certain nucleolar proteins
such as NPM1 has dual roles in the nucleolus and nucleoplasm;
its abnormal distribution after nucleolar perturbation may also
affect the regulation of nucleoplasmic genes.”” Knockdown of
the NoRC nucleolar repressor subunit TIP5 has recently been
shown to promote transformation of NIH3T3 cells.”® Our data
in this report suggests that nucleolar silencing may have an
important role in maintaining cellular senescence.

During classical replicative senescence of human fibroblast
cultures, cell cycle arrest is caused by critical telomere shorten-
ing that activates DNA damage signaling and p53 accumula-
tion. In the absence of telomerase reactivation or ectopic
expression, inactivation of p53 or pRb can only restore cell
proliferation for limited number of cycles.”>”' Premature
senescence of tumor cells induced by oncogenic stress or DNA
damage does not involve telomere shortening and is not
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restricted by the structural defect as replicative senescence.
Nonetheless, drug-induced senescent cell culture can remain
arrested for weeks or longer in the absence of further drug
treatment, suggesting that a stable epigenetic silencing state
has been established on the proliferation genes, which prevents
cell cycle re-entry.

Our results suggest that efficient regulation of nucleolar
rRNA transcription is necessary for irreversible senescence.
Maintenance of senescence after drug removal presumably
requires self-sustaining heterochromatinization of proliferation
genes in cooperation with sustained activation of growth-
inhibitory factors such as IGFBP5 and p21. Heterochromatin
proteins HP1, SUV39H1, and NML all have the ability to
bind methylated H3K9 and promote methylation of adjacent
nucleosomes. Therefore they are well-suited for self-reinforc-
ing heterochromatin formation and spreading. Recent work
showed that NML-SirT1 binding is competitively inhibited
by rRNA.”> NML provides positive feedback to amplify sig-
nals that stimulate or inhibit rRNA transcription. Signals that
inhibit RNA Pol I will stimulate NML-SirT1 binding, result-
ing in further increase of heterochromatin marks on rDNA
repeats. This property may allow NML to play a key role in
maintaining heterochromatin on the rDNA by forming a
positive feedback loop. Loss of NML expression reduces the
level of heterochromatin marks on rDNA, increasing the
probability of stochastic re-activation by external disturbances
or internal fluctuations.

Depletion of NML or TIP5 also reduced the levels of het-
erochromatin marks on E2F1 target gene promoters unrelated
to the rDNA locus, suggesting that nucleolar silencing has an
important role in regulating nucleoplasmic gene expression.
Recent studies identified the ribosomal protein-MDM2-p53
pathway in connecting nucleolar dysfunction to cell cycle
arrest. However, NML deficiency also promotes senescence
escape in cells without p53, suggesting the presence of p53-
independent mechanisms. We speculate that there are multi-
ple inside-out signaling pathways that enable the nucleolus to
influence nucleoplasmic genes. The pRb tumor suppressor
also undergoes nucleolar translocation, which may be regu-
lated by nucleolar heterochromatin level.?> The RelA subunit
of NFkB, which is also required for inducing senescence, is
also regulated by nucleolar localization.’®?* The distribution
of other factors such as NPM1 that function in both nucleo-
plasm and nucleolus may also be affected by nucleolar hetero-
chromatin formation. rRNA may serve as a messenger to
regulate heterochromatin proteins in the nucleoplasm, since
HP1 also interacts with RNA.>> Many genomic loci are
closely associated with and are co-purified with the nucleo-
lus.>**” The nucleolus is known to promote the silencing of
X chromosome through spatial proximity.”® Therefore, the
nucleolar heterochromatin domain may directly facilitate the
silencing of non-nucleolar genes. A hyperactive nucleolus in
senescent cells may increase the probability of reactivating
silenced cell cycle genes.

The biological roles of cellular senescence are complex and
context-dependent. It is a predominant mode of response to
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Figure 6. Depletion of NML reduces heterochromatin formation at E2F target genes. (A, B) A549 NML knock-
down cells were treated with 0.3 wM CX5461 for 7 d. H3K9Me3 and H3K27Me3 levels at indicated E2F1 target
promoters were detected by ChIP and qPCR. Values are mean =+ SD of triplicates. (C, D) A549 TIP5 knock-
down cells were treated with 0.3 uM CX5461 for 7 d. H3K9Me3 and H3K27Me3 levels at indicated E2F1 target
promoters were detected by ChIP and gPCR. Values are mean =+ SD of triplicates. All results are reproducible

clonal antibody 10E4 was pur-
chased from Millipore. p21 and
p53 antibodies were purchased
from BD PharMingen. S6 and
phosphor-S6 were from Cell Sig-

naling Technology. Senescence

chemotherapy agents such as doxorubicin iz iv0.>?° Our
results suggest that loss of NML expression in breast cancer
correlates with poor patient survival in ER-negative cases.
Whether NML status also correlates with survival in ER-posi-
tive cases remains to be determined with a larger cohort.
Although the effect of NML appears to be independent of
cell type in vitro (e.g., NML knockdown affects ER-positive
MCF7 cells), the i vivo impact may depend on what is the
main driver of survival in each tumor type. Surgery and adju-
vant chemotherapy with DNA damaging drugs such as doxo-
rubicin often achieve long-term disease-free survival for breast
cancer patients. However, a small number of tumor cells are
known to exist in a state of dormancy and may cause relapse
years later.®® It is possible that dormant tumor cells are stabi-
lized by senescence, and escape from senescence causes recur-
rence. Loss of NML expression may accelerate the escape of
senescent tumor cells, causing early relapse and poor survival.
The results of our study suggest that treatments that promote
nucleolar transcription silencing may be beneficial against
tumors that are resistant to apoptosis but retain senescence
response. The RNA Pol I inhibitor CX5461 has shown thera-
peutic potential in mouse leukemia model.'” Tt will be
important to investigate the role of RNA Pol I inhibition in
solid tumors that have low apoptotic potential and rely on
senescence as a treatment response mechanism.

3620

Cell Cycle

gene RT-PCR profiling was per-

formed using the Human Cellular
Senescence PCR Array (Qiagen, PAHS-050Z). Data processing
was performed using the manufacturer website.

Immunoprecipitation

Cells were lysed in lysis buffer (50 mM Tris-HCI pH 8.0,
5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 1 mM phenylme-
thylsulfonyl fluoride, protease inhibitor cockrail) and centrifuged
for 10 min at 14,000 x g to remove the insoluble debris. The
supernatant was used for immunoprecipitation and protein gel
blotting. For detecting endogenous SirT1-NML complex, the
insoluble debris were re-suspended in RIPA buffer (50 mM Tris-
HCI pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1%
sodium deoxycholate), and mixed with the supernatant. Cell
lysate (200-1000 pg of protein) was immunoprecipitated with
10E4 against SirT1 and protein A agarose beads for 18 hrs at
4°C. After washing 4 times with SNNTE (50 mM Tris-HCI pH
7.4, 5 mM EDTA, 500 mM NaCl, 0.1% NP40, and 5%
sucrose), the beads were boiled in Laemmli sample buffer for
5 min and subjected to SDS-PAGE and western blot to detect
SirT1-NML interaction using affinity purified rabbit-ant-NML
antibody.

Chromatin immunoprecipitation and quantitative-PCR

ChIP assay was performed using standard procedure. Proteins
were cross-linked to genomic DNA with 1% formaldehyde for
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10 min at 23°C. The cross-link
was stopped by 0.125 M glycine
for 5 min at 23°C. The cells were
washed 3 times with ice-cold
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100, 2 mM EDTA, 20 mM Tris-
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Triton X-100, 2 mM EDTA,
20 mM Tris-HCl pHS.0,

Figure 7. NML expression is downregulated in a subset of tumors. (A) Reduced NML gene (RRP8) copy num-
ber in a bladder cancer cohort (Oncomine). A subset of tumor samples showed heterozygous deletion at
the RRP8 locus. (B) Reduced NML mRNA level in an invasive breast cancer cohort compared to normal tissue
(Oncomine). (C, D) Kaplan-Meyer plots of 3450 patients with breast tumors following systemic treatment
showing that low NML (RRP8, probe set 203170_at) and TIP5 (TIP5, probe set 201355_s_at) mRNA levels are
associated with shorter relapse free survival.

500 mM NaCl), LiCl buffer
(250 mM LiCl, 1% NP40, 1%
sodium  deoxycholate, 1 mM
EDTA, 10 mM Tris-HCI
pH8.0), and TE buffer (10 mM Tris-HCl pH8.0, 1 mM
EDTA). The beads were eluted twice with a total of 200 pl of
elution buffer (1% SDS, 100 mM NaHCO3) at 25°C for
15 min with shaking (1000 rpm). NaCl was added to 200 mM
and the samples were de-crosslinked at 65°C for 18 hrs. Protein-
ase K (0.1 mg/ml), EDTA (10 mM) and Tris-HCl pH6.8
(40 mM) were added and incubated at 42°C for 1 hr. DNA was
extracted using GenElute™ PCR clean-up kit (Sigma). The
Samples were subjected to SYBR Green real-time PCR analysis
using the following primers. rDNA promoter HOF: 5°- GGTA-
TATCTTTCGCTCCGAG; HOR: 5-GACGACAGGTCGC-
CAGAGGA. Cyclin AF: GGCCAACACCCATAAGAGAA;
Cyclin AR: TGAACGCAGGCTGTTTACTG. Cyclin EF:
AAGGACAGAGGAGCTGTGGA; Cyclin ER: TTCGCA-
TAAGGGTCAAATCC. PCNAF: TGGTGAAACCCCGTCT
CTAC; PCNAR: CTCAGCCTCCCGAGTATCTG.
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SA-B-galactosidase staining

Cells (2.5x10%/well) were seeded to 24 well plates for 18 hrs
and treated with doxorubicin or CX5461 for indicated duration.
The cells were washed twice with PBS and SA-B-gal was detected
using Senescence histochemical staining kit (Sigma) according to
manufacturer protocol. Cells were incubated at 37°C for 18 hrs

and photographed.

Colony formation assay

Cells (6x10%/well) were seeded to 6 well plates for 18 hrs
and incubated with doxorubicin or CX5461 for 5-7 d The
cells were washed twice with drug-free medium and cultured
in drug-free medium for 2-6 weeks with refeeding every 5 d
until colonies are visible. Colonies were stained by crystal
violet.
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Figure 8. Absence of NML staining is associated with poor survival in ER-negative breast cancer. (A, B, C, D) NML expression in breast tumors was
detected by IHC staining. Arrows indicate nucleolar NML staining in normal breast control and a subset of breast tumors. Bar=20 um. (E, F, G) Kaplan-
Meier plots of breast tumor survival stratified based on nucleolar NML positive and negative staining and ER status.

RNA interference (RNAI)

Post-senescence cells induced by 0.1 wM doxorubicin for 7 d
were transfected with 50 nM control siRNA (AATTCTCC-
GAACGTGTCACGT), NML siRNA pool, or p53 siRNA pool
(Dharmacon) using RNAIMAX (Invitrogen) according to
instructions from the supplier. After 48 hrs of transfection, cells
were cultured in normal DMEM medium until visible colonies
formed.

Immunohistochemistry

The breast tumor microarray (Breast 4 TMA) was
obtained from the Moffitt Cancer Center Tissue Core. After
de-paraffinization with xylene and a graded ethanol series,
TMA slides were incubated with 0.38 mg/ml of proteasel
(Ventana Medical System, Inc.. Arizona, USA) for 4 min at
37°C for antigen retrieval. The sections were blocked with
0.3% of H,O, for 5 min and 1% BSA in PBS for 30 min.
The sections were incubated with rabbit anti-NML antibody
(1:100; Sigma) for 1 hr at room temperature. The immuno-
histochemical staining was developed using IHC staining kit
(Dako, CA, USA). The sections were then counterstained.
NML staining was scored manually by 2 individuals. Due
to the distinct and highly focused nucleolar staining pattern,
the samples could be reliably categorized as being positive
or negative for nucleolar NML, whereas semi-quantitative
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ranking by automated image analysis was found to be
unreliable.
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