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Abstract

While impaired ribosomal biogenesis is observed in neurodegenerative diseases its pathogenic
contributions are not clear. For instance, it is well established that in rodent neurons, genetic
inhibition of RNA-Polymerase 1 that transcribes rRNA results in structural disruption of the
nucleolus, neuronal apoptosis, and, neurodegeneration. However, in most neurodegenerative
diseases, nucleolar morphology is unaffected. It is reported here that in primary cortical neurons
from newborn rats, inhibition of ribosomal biogenesis by shRNA-mediated knockdowns of several
ribosomal proteins including S6, S14 or L4 resulted in p53-mediated apoptosis despite absence

of structural disruption of the nucleolus. Conversely, knockdown of the RP L11, which in non-
neuronal systems mediates p53 activation downstream of ribosomal stress, protected neurons
against inhibition of ribosomal biogenesis but not staurosporine. Moreover, overexpression of

L11 enhanced p53-driven transcription and increased neuronal apoptosis. In addition, inhibition
of p53, or, L11 knockdown blocked apoptosis in response to the RNA analog 5-fluorouridine
which perturbed nucleolar structure, inhibited ribosomal synthesis and activated p53. Although
the DNA double strand break (DSB) inducer etoposide activated p53, nucleolar structure appeared
intact. However, by activating the DNA damage response kinase ATM, etoposide increased 47S
pre-rRNA levels and enhanced nucleolar accumulation of nascent RNA suggesting slower rRNA
processing and/or increased Pol1l activity. In addition, shL11 reduced etoposide-induced apoptosis.
Therefore, seemingly normal morphology of the neuronal nucleolus does not exclude presence of
ribosomal stress. Conversely, targeting the ribosomal stress-specific signaling mediators including
L11 offers a novel approach to uncover neurodegenerative contributions of de-regulated ribosomal
synthesis as exemplified in DSB-challenged neurons.
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Introduction

Increased neuronal death is a component of many neurodegenerative diseases, including
Alzheimer’s (AD), Huntington’s (HD), Parkinsons’s (PD), amyotrophic lateral sclerosis
(ALS), and frontal temporal dementia (FTD) [1,2]. However, progress in understanding the
mechanisms of neuronal death in cellular- and animal models of these conditions has not yet
translated into neuroprotective treatments that work clinically. Hence, the existing models
of neurodegeneration-associated neuronal death may be missing some important factors that
determine death or survival of neurons under pro-neurodegenerative challenges.

The ribosome is a large ribonucleoprotein complex that is the principal component of

the protein synthesis machinery. Biogenesis of ribosomes takes place in the nucleolus
[3-5]. Dysregulation of that process triggers the ribosomal stress pathway, one of the
major contributors to tumor suppression [6,7]. Though ribosomal deficits and/or impaired
ribosomal biogenesis are documented in AD, HD, PD, and ALS/FTD [8-18], the role of
ribosomal stress in neurodegeneration is not clear.

In proliferating cells, both decreased- and increased ribosomal biogenesis may initiate the
ribosomal stress response, which includes activation of the p53 pathway [19,20,6]. The
latter process relies on interactions between the p53 ubiquitin ligase MDM2 and ribosomal
proteins (RPs) [6]. Specifically, when not involved in ribosome assembly, RPL11 binds and
inhibits MDM2 and thus stabilizes p53 [21,19,22]. Besides MDM2, L11 may also interact
with other proteins and RNAs to suppress cell growth via p53-dependent and/or independent
mechanisms [6]. Thus, L11 is required for p53 activation downstream of ribosomal stress.
However, the role of L11 in neuronal death has not yet been reported.

While the nucleolus is a center of ribosomal biogenesis, it also evolved to fulfill other
functions including assembly of non ribosomal ribonucleoprotein complexes, non-rRNA
processing, chromatin organization, and, sequestration, regulated release and degradation of
various proteins with critical roles in cell cycle control, stress responses or transcriptional
regulation [23-26]. When RNA-Polymerase-1 (Pol1), which initiates ribosomal biogenesis,
is inhibited, nucleolar structure is disrupted leading to a state of nucleolar stress [4,27]. For
instance, in cultured cortical neurons from newborn rats, the Pol1-inhibiting DNA single
strand break inducer, camptothecin, or knockdown of the Pol1 co-activator Tifla, induced
apoptosis which was preceded by nucleolar stress and inhibited by the dominant-negative
variant of p53 [28]. In addition, p53 activation and neuronal death were reported after
knocking out the Poll co-activator, Tifla, in various neuronal populations of adult murine
brain including forebrain neurons [10,29,30].

However, observations of neurodegeneration-associated disruption to the nucleolar structure
are relatively rare and usually documented at relatively more advanced stages of such
diseases as PD or AD [10,17,18]. In contrast, greater numbers of sensitive neurons including
those at early stages of PD-, AD- or ALS/FTD- pathology displayed either no nucleolar
alterations or moderate reductions and/or increases of nucleolar size [15,31-36]. Therefore,
one can wonder whether in the absence of nucleolar disruption, dysregulation of ribosomal
biogenesis is sufficient to induce neuronal death.
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In non-neuronal cell lines reduced levels of RPs of the small ribosomal subunit lead to
ribosomal stress without major changes to nucleolar structure or Poll inhibition [19].
However, under such conditions, L11-mediated activation of p53 and cell cycle arrest are
still observed, suggesting that the ribosomal stress response does not require nucleolar
disruption. Therefore, the current work was initiated to determine whether in cultured
cortical and hippocampal neurons from newborn rats, ShRNA-mediated knockdowns of two
RPSs, S6 and S14, induce p53- and L11- mediated apoptosis in the absence of nucleolar
stress.

Materials and Methods

Animals.

Materials.

Plasmids.

Sprague-Dawley pregnant female rats were purchased from Harlan (Indianapolis, IN,
USA). All animal experiments strictly followed the protocols that were approved by the
Institutional Animal Care and Use Committee of the University of Louisville and the NIH
guidelines.

Oligonucleotides were purchased from IDT. All other reagents were obtained from Sigma
(St. Louis, MO), VWR (Radnor, PA), Life Technologies-Invitrogen (Grand Island, NY) or
Qiagen, MD) unless stated otherwise.

The following plasmids were previously described: EFla-LacZ (EFla promoter-driven
B-galactosidase), shTifla, shGFP, and DN-p53 [28]; TS-p53 [37]; shLuc [38]; shS6, shS14,
shL4, shL11, chicken p-actin promoter-driven-EGFP-RPL4 [39]; PG13 (p53 response
element-driven luciferase reporter plasmid) [40]. To prepare the EGFP-RPL11 expression
vector a cDNA encoding rat RPL11 was cloned into the chicken B-actin promoter-driven-
pEGFP-C2 plasmid.

Cell culture and transfections.

Cultures of cortical and hippocampal neurons were prepared from newborn Sprague-Dawley
rats at postnatal day 0 (PO) as described previously [41]. Cells were plated onto Poly-D-
Lysine- and laminin-coated 12 mm diameter plastic coverslips that were produced in the lab
from the electron microscopy-grade mylar masks (Electron Microscopy Sciences, Hatfield,
PA, #50425). Culture medium was Basal Medium Eagle (BME, Lonza) supplemented with
10% heat-inactivated bovine calf serum (HyClone, GE Healthcare Life Sciences, Logan,
UT, USA), 35 mM glucose, 1 mM L-glutamine, 100 units/ml penicillin, and 0.1 mg/ml
streptomycin; on day in vitro 2 (DIV2), media was supplemented with 2.5 UM cytosine
arabinoside to inhibit the proliferation of non-neuronal cells. Neurons were transfected on
DIV3 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
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Drug treatments.

5-Fluorouridine (5FU) and 5-Fluoro-5"-deoxyuridine (5FdU) were dissolved in water.
Etoposide (Etop), staurosporine, CPT and KU55933 (ATMi) were dissolved in DMSO.
Treatments were performed at DIV5 unless stated otherwise.

Immunostaining.

All stainings of cultured neurons were performed using standard protocol. Briefly, cells
were fixed in 4% formaldehyde at room temperature for 20 min, permeabilized using 0.5

% NP-40 for 20 min and blocked with 5% goat serum/0.1 % Triton X-100 for 1 h. The
following primary antibodies were used: chicken anti-p-galactosidase (Abcam, 1:1000),
mouse anti-nucleophosmin-1(Npm)/B23 (Sigma, 1:750), mouse anti-nucleolin (Ncl)/C23
(St. Cruz, 1:200), and mouse anti-fibrillarin (Abcam, 1:750).The following secondary
antibodies were used: Alexa Fluor 488 anti-mouse 1gG (Invitrogen, 1:300) and Alexa Fluor
594 anti-chicken IgG (Jackson ImmunoResearch, 1:300). DNA was counterstained with 2.5
pg/mL Hoechst-33258.

Ribosome labeling.

Ribosomes were visualized with the NeuroTrace 500/525 Green Fluorescent Nissl Stain
(Invitrogen, N21480, 1:500) as described previously [39]. DNA was counterstained with 2.5
pg/mL Hoechst-33258.

Quantification of the fluorescence intensity (FI) of ribosome- and nucleolar marker
stainings.
Stained cells were visualized with Zeiss Observer.Z1 fluorescent microscope using a
40x lens to image nucleophosmin and nucleolin immunostaining or ribosome staining,
respectively. Digitalized pictures were captured using Zeiss AxioVision (Zeiss) followed
by conversion to gray scale TIFF files. Quantification of the FI at the single cell level
was performed using the ,,Integrated Density (IntDen)” parameter in the ImageJ software.
Ribosome content was evaluated by calculating FI of the perikaryal NeuroTrace Green
signal that was normalized against fluorescence intensity of the Hoechst signal. A change
of FI was expressed as a fold control that was defined by a ratio of an individual FI value
to the average FI value of the control group as indicated for each set of experiments.
Such calculations were performed for each independent experiment before pooling data for
statistical analysis. Similar normalization approach was used for quantification of nucleolar
Npm- or Ncl stainings except IntDen of the nucleolar signal was divided by IntDen of the
total nuclear signal instead of Hoechst. Whenever territory of the nucleolus was measured an
»Area” parameter was used.

Western blotting.

Western blotting was performed using standard procedures. The primary antibodies used
were as follows: anti-p53 (Santa Cruz Biotechnology, rabbit antibody FL-393, catalog#
sc-6243, 1:500), anti-phospho-Ser15-p53 (Cell Signaling, 1:1000), anti-phospho-Ser-1981-
ATM (Cell Signaling, 1:1000), anti-yH2Ax (Cell Signaling, 1:1000), anti-p-actin (Sigma,
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1:1000), anti-p-tubulin (Sigma, 1:1000), secondary antibodies were horseradish peroxidase
conjugated.

Northern blotting.

Total RNA of cultured cortical neurons was isolated using RNAeasy Mini Kit (Qiagen,
#74107). A total of 3ug RNA from each sample was fractionated on 1.5 % agarose/
formaldehyde gel and transferred to Zetaprobe membrane (Biorad Inc, Hercules,

CA). Ethidium bromide was used to stain total RNA in the gel. Preparation of
oligonucleotide probes, hybridization and Phospho Imager analyses were performed as
described previously [42]. Oligonucleotide probes were used as follows: rat 5’ETS

5" TAGCACCAAACGGGAAAACCS3’; rat ITS1 5’ GGTTATCTGAGGTGTGAGCG’3;
human 5.8S was previously published [42].

Quantification of apoptosis.

To detect apoptosis in transfected neurons cells were immunostained for the transfection
marker B-gal and counter-stained with 2.5 pg/mL Hoechst-33258. Cells with condensed or
fragmented nuclei were scored as apoptotic. At least 150 transfected cells (/.e. showing
positive immunostaining for B-gal) were analyzed for each condition in each experiment.

Transcription assay.

Luciferase and p-gal activities were measured using commercial kits (Promega) and the
Berthold Orion Il luminometer as previously described [43]. Transcriptional activity was
expressed as a B-gal-normalized luciferase activity.

RNA extraction and gRT-PCR.

Total RNA was isolated using TRI Reagent (Sigma); cDNA was prepared using the AMV
First-Strand cDNA Synthesis Kit (Invitrogen) and random hexamers. Quantitative Reverse
Transcriptase-PCR (gRT-PCR) was performed on the 7900HT cycler (Applied Biosystems)
using previously described primers complementary to rat 5’ETS region of 47S pre-rRNA
or rat 18S rRNA [28] and SYBR green. The quantitative analysis was performed using the
AACt method. As neurons are postmitotic cells with relatively low activity of ribosomal
biogenesis, 2— 4 h treatments with anti-ribosomal drugs such as 5FU are not expected

to significantly affect expression levels of mature rRNA including 18S [39]. Indeed, pilot
experiments comparing 18S to two housekeeping mRNA amplicons including B-actin and
hexokinase-1 revealed similar effects of 5FU on 47S rRNA levels (Fig. S1). Moreover, in
our samples, 18S CT values were closer to CT values of 47S pre-rRNA than for the mMRNA
normalizers that we have tested (in all cases those were higher than 18S CTs by 7-15).
Hence, the 18S amplicon appeared to be the most accurate indicator of total RNA content
and, therefore, the reference of choice for our analyses.

In situ run-on assay.

Neuronal nascent RNA was labeled with the RNA precursor 5-ethynyl uridine (5-EU; Berry
& Associates, Inc., Dexter, MI) which was detected using the Click-It reagent Oregon
Green® azide (Invitrogen) as previously described [38].
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Statistical analysis.

Results

Data were analyzed by one- or two-way ANOVA followed by Tukey posthoc tests or by the
Mann-Whitney ¢test as indicated.

Knockdowns of RPs induce p53-dependent apoptosis of cortical neurons.

Knockdown

To determine the effects of reduced ribosomal biogenesis on the survival of cultured

rat cortical neurons from newborn rats, validated shRNAs expression plasmids targeting
ribosomal proteins S6, S14 and L4 were used [39]. At two days after transfection, these
constructs increased neuronal apoptosis from the 27% that was observed with a control
shRNA targeting Renilla luciferase (shLuc) to 67, 67 and 64%, respectively (Fig. 1A-

B). Co-expression of the dominant-negative mutant form of p53 (DN-p53) blocked pro-
apoptotic effects of shRPs with apoptosis at 5, 10, 12 and 8% in neurons receiving shLuc,
shS6, shS14 and shL4, respectively (Fig. 1A-B). Consistently with previously published
data [28], shRNA against the Pol1 co-activator Tifla induced similar levels of apoptosis that
was inhibited by the DN-p53 (Fig. 1C). Finally, either shRPs or shTifla induced apoptosis in
hippocampal neurons (Fig. 1D).

In RP-knocked down cortical neurons that were protected from apoptosis by the DN-p53,
nucleolar morphology was determined by immunofluorescence staining for the nucleolar
marker proteins nucleophosmin-1/B23 (Npm), nucleolin (Ncl) and fibrillarin (Fig. 2). There
were no major effects of shRPs on nucleolar morphology except moderate but significant
changes with shS6 (Fig. 2A, B, D). Those included nearly 20% decreases of nucleolar Npm-
and Ncl signals as well as 28% increase in an average number of Npm-positive nucleoli/cell
(Fig. 2D). In contrast, knockdown of Tifla, reduced the nucleolar signals of Npm and

Ncl by nearly 80% (Fig. 2B). In addition, in shTifla-transfected neurons, Npm-positive
territory of an average nucleolus declined by 55% (Fig. 2C). A twenty four % decrease of
average number of Npm-positive nucleoli was also observed (Fig. 2D). Nucleolar staining of
fibrillarin was maintained in shRPs- or shTifla-transfected neurons (Fig. 2A). Such findings
are consistent with a critical role of Pol1 activity for maintenance of the nucleolar granular
component (GC) that is the predominant enrichment site for Npm and Ncl [3,44].

However, shRPs or shTifla had similar negative effects on perikaryal ribosome content with
declines ranging from 19 to 30% after 3 day co-expression with the DN-p53 (Fig. 3A-B).
Therefore, in forebrain neurons, p53-dependent apoptosis and reduced ribosome supply but
not nucleolar disruption are common consequences of various sShRNA-based strategies to
inhibit ribosomal biogenesis.

of L11 reduces apoptosis in response to nucleolar- and/or ribosomal stress.

To determine the role of L11 in ribosomal stress-induced neuronal apoptosis, two ShRNAs
targeting L11 were designed and validated. These constructs blocked expression of the
L11-EGFP fusion protein when co-expressed in cortical neurons (Fig. 4A-B). In addition,
they reduced perikaryal ribosome content in a manner similar to the shRNAs targeting S6,
S14, L4 or Tifla (Fig. 4C and Fig. 3B). However, unlike the latter constructs, shL11 did
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not induce apoptosis (Fig. 4D-E). Further, it reduced apoptosis in response to shS6, shS14,
shL4 or shTifla (Fig. 4D-F). Complete protection was observed only for shL4 (Fig. 4E).

In other cases including depletion of S6, S14 or Tifla, knockdown of L11 offered only
partial inhibition of apoptosis (Fig. 4E—F). The protection is unlikely due to off target effects
as two different ShRNA constructs targeting L11 produced similar anti-apoptotic effects in
TifLA-depleted neurons (Fig. 4F).

Next, a pro-apoptotic role of L11 was examined in neurons that were treated with two
chemical inducers of neuronal apoptosis, camptothecin (CPT) and staurosporine. The
effects of CPT are due to DNA damage-including single strand breaks. Such lesions
inhibit Pol1, thereby disrupting nucleolar integrity and activating p53-dependent neuronal
apoptosis [45,28]. Conversely, staurosporine is a non-specific kinase inhibitor that induces
p53-independent apoptosis in such cells [45].

Consistent with the previously demonstrated anti-nucleolar effects of CPT [28], 4 h exposure
to this drug resulted in nucleoplasmic translocation of Npm1 (Fig. 4G). After 24 h, CPT
increased apoptosis to 87 % as compared with 28% in vehicle-treated neurons (Fig. 4H).
However, such an apoptotic response was reduced to 54% after knockdown of L11. In
contrast, shL11 did not affect staurosporine-induced apoptosis (Fig. 4H). These data suggest
that L11 is a specific pro-apoptotic mediator for a subset of death stimuli that kill by
perturbing ribosomal biogenesis and, in consequence, activating p53.

Overexpression of L11 is sufficient to enhance p53-driven transcription and increase
neuronal apoptosis.

To determine the sufficiency of L11 to regulate the neuronal p53 pathway, transcriptional
activity of the temperature-sensitive mutant of p53 was determined after co-expression of
L11-EGFP (Fig. 5A). Under a non-permissive temperature, TS-p53 behaves like a dominant-
negative mutant [37]. When switched to a permissive temperature, it assumes wild type
conformation and induces p53-mediated responses, including apoptosis of cortical neurons
[37,28]. Indeed, after 8 h at permissive temperature, in TS-p53-transfected neurons, the
p53RE-luciferase reporter activity was 4.96 fold higher than in neurons receiving DN-p53.
Such activation was enhanced 2.5 fold when neurons co-expressed TS-p53 and L11-EGFP
(Fig. 5B). This response appeared to be L11-specific, as L4-EGFP did not affect activation
of TS-p53 (Fig. 5B). Therefore, in rat cortical neurons, L11 is a positive regulator of p53.

The expression vector for L11-EGFP was also used to determine the sufficiency of L11
oversupply to induce cortical neuron apoptosis. At 48 h post L11-EGFP transfection
apoptosis increased to 64% as compared to 47% in empty vector-transfected neurons (Fig.
5C-D). These data complement the findings of the L11 loss of function experiments from
Fig. 4 by demonstrating that L11 gain of function is sufficient to enhance p53 activation and
apoptosis.

Knockdown of L11 protects neurons against the RNA analog 5FU.

In several non-neuronal systems the RNA analog 5FU is a potent inhibitor of ribosomal
biogenesis [46]. Therefore we examined its anti-ribosomal activity in neurons. Treatment
with 5FU affected nucleolar staining of the GC marker, Npm (Fig 6A). In vehicle-treated
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neurons, the Npm-stained GC appeared to have a clear border suggesting a spherical shape
of this nucleolar sub-compartment. In contrast, as early as 4 h after onset of 5FU exposure
small protrusions that disrupted the GC sphere-like appearance were evident (Fig. 6A). In
addition, at 24 h but not 4 h the nucleolus/nucleoplasm ratio of the Npm signal intensity
decreased by 24% suggesting its partial release from the nucleolus (Fig. 6B). However, in
5FU-treated- and Npm-stained neurons, no significant changes of the nucleolar territory or
the nucleolar number were found (Fig. 6C-D). No obvious effects of 5FU were observed on
the fibrillarin-positive dense fibrillar component, either (DFC, Fig. 6A).

In 5FU-treated neurons, declining pre-rRNA levels were observed (Fig. 6E). After 4 h
treatment with 10 UM 5FU, 47S pre-rRNA was down by 80%. In contrast, the deoxy analog
of 5FU, which can be incorporated into DNA but not RNA, did not reduce pre-rRNA levels,
even if applied at 100 uM. Likewise, pre-rRNA was unaffected by treatment with ethynyl-
uridine, which is used as a tool to label nascent rRNA by Click-It technology [38] (data not
shown). While declining pre-rRNA levels suggest inhibition of rRNA transcription, 5FU did
not cause a major nucleoplasmic release of Npm, which usually accompanies Poll blockade
(Figs. 2, 4G and S3). Such findings indicate that in neurons 5FU may alter stability of rRNA
precursors including their processing toward mature rRNA species. Indeed, Northern blot
analysis revealed that despite declining levels of the primary rRNA transcript (47S) and

its 5’processing products, other intermediates were still present (Fig. S2). However, there
were notable exceptions including the 20S precursor of 18S rRNA and the 12S precursor of
5.8S rRNA. Thus, 5FU likely affects both Pol1 transcription and the specific downstream
steps of pre-rRNA processing. Such a scenario would explain why in 5FU-treated neurons
declining 47S levels coincide with the continued presence of other precursor rRNAs and the
persistence of nucleolar Npm, which requires RNA binding for nucleolar localization [47].

Such a possibility is supported by an apparent correlation between precursor rRNA levels
and maintenance of nucleolar integrity. Thus, in cortical neurons that were treated with the
general transcriptional inhibitor actinomycin-D (ActD) sharp declines of pre-rRNA were
attenuated by chemical ischemia that is expected to block not only rRNA transcription but
also rRNA processing (Fig. S3). Moreover, ActD-induced nucleoplasmic release of Npm
was reduced by chemical ischemia with some nucleolar Npm signal still present despite
inhibition of Poll (Fig. S3). Therefore, simultaneous inhibition of rRNA transcription

and rRNA processing may stabilize various precursor rRNAs promoting maintenance of
nucleolar morphology.

Treatment with 5FU increased protein levels of p53. The increase was present at 16- or 30 h
(Fig. 6F), but not at earlier time points (4 and 8 h, data not shown). Such an increase was not
accompanied by increased phosphorylation of p53 at the Ser-15 residue (Fig. 6F). Therefore,
5FU activates p53 differently than DNA damaging agents, including the DSB inducer,
etoposide, which induced robust phosphorylation at this site (Fig. 7A). Indeed, markers

of the DNA damage response, such as autophosphorylation of ATM, or the appearance of
YH2AX, were unaffected by 5FU (data not shown).

However, in 5FU-treated neurons, p53 activation appeared to be pro-apoptotic. Thus, the
36 h treatment with 10 uM 5FU increased apoptosis to 61% as compared to 28% in vehicle-
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treated neurons (Fig. 6G, H). Such an apoptotic response was blocked by overexpression of
the DN-p53 (Fig. 6G, H). Moreover, knockdown of L11 prevented 5FU-induced apoptosis
(Fig. 61). Therefore ribosomal stress is a major contributor to apoptotic toxicity of 5FU in
immature cortical neurons.

In etoposide treated neurons, dysregulation of ribosomal biogenesis contributes to

apoptosis.

In a previous report, it was shown that rat cortical neurons treated with the DSB inducer,
etoposide, show a clear, concentration-dependent nucleolar stress at or above 25 pM [48].
However, etoposide induced both DSBs and p53-dependent apoptosis at concentrations as
low as 1 pM, suggesting that DSBs are sufficient to activate the pro-apoptotic p53 pathway
in the absence of nucleolar stress. As the current data suggest that ribosomal stress may
occur when nucleolar morphology is apparently unaffected, the ribosomal stress contribution
to etoposide-induced apoptosis was re-evaluated.

Consistent with etoposide’s ability to induce DSBs, there was a concentration-dependent
increase in autophosphorylation of the DSB-response kinase, ATM, which reflects its
activation (Fig. 7A). The increase was clearly present even at the lowest concentration tested
(0.5 pM). In addition the DSB marker, phosphorylated histone H2Ax (yH2AX), was elevated
by etoposide treatment in a concentration-dependent manner (Fig. 7A). These changes were
accompanied by increased phosphorylation of p53 at the Ser-15 residue, which is known

to contribute to the ATM pathway-dependent activation of p53 by DSBs [49](Fig. 7A).
However, consistent with our previous report, nucleolar staining of Npm did not reveal
nucleolar disruption in neurons that were treated with 1 uM etoposide (Fig. 7B). In contrast,
such cells displayed moderate increases of nucleolar Npm signal and Npm-positive territory
of an average nucleolus but not number of nucleoli/cell (Fig. 7C-E).

Surprisingly, a careful dose response experiment revealed bi-directional effects of etoposide
on 47S pre-rRNA. For instance, in neurons that were treated with 1 M etoposide for 4

h, 47S levels were 2.4 fold higher than controls (Fig. 7F). Similar increases were also
present with lower etoposide concentrations including 0.1 and 0.3 uM. Conversely, at 25-
or 50 pM, etoposide reduced 47S levels, which is consistent with published evidence of
nucleolar stress under such conditions (Fig. 7F). As many etoposide effects are mediated
by the DSB-activated ATM, one could wonder whether in etoposide treated neurons, the
increase of 47S is dependent on ATM. Therefore, neurons were treated with etoposide and
the ATM kinase inhibitor KU55933. Inhibition of ATM attenuated the etoposide-induced
phosphorylation of p53 at Ser-15, a downstream target of the DSB-ATM pathway (Fig. 7G).
It also attenuated the 1 UM etoposide-mediated increase of 47S pre-rRNA, suggesting its
dependence on ATM kinase activity (Fig. 7H).

In situ run-on assays revealed small but significant increases of nucleolar nascent RNA
content in 1 uM etoposide-treated neurons (Fig. 71-J). This 15% increase was prevented

by ATM inhibition. Therefore, in neurons, low concentrations of etoposide may increase
Poll-mediated transcription of rRNA in an ATM-dependent manner. Alternatively, increases
in pre-rRNA levels as well as greater nucleolar accumulation of nascent RNA may suggest
an ATM-dependent reduction of the rRNA processing rate.
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Recent studies in non-neuronal cells have revealed that the ribosomal stress pathway can be
engaged by either reduced or increased ribosomal biogenesis [20]. Therefore, regardless

of the mechanism by which low concentrations of etoposide elevate pre-rRNA levels,
ribosomal stress may contribute to etoposide responses including apoptosis. To examine
such a possibility, anti-apoptotic effects of shL11 were tested in etoposide-treated neurons
(Fig. 7K-L). In cells that received a control shRNA, a 24 h treatment with 0 or 1 pM
etoposide resulted in 27 or 73% apoptosis, respectively (Fig. 7L). In neurons that were
transfected with shL11, such an apoptotic response was attenuated to 40% apoptosis after 1
UM etoposide treatment (Fig. 7L). Hence, in etoposide-treated neurons, the ATM-dependent
dysregulation of ribosomal biogenesis triggers pro-apoptotic ribosomal stress.

Discussion

Nucleolar disruption and ribosomal stress as pro-apoptotic stimuli.

The presented data systematically document that impairment of ribosomal biogenesis is
sufficient to activate p53-dependent neuronal apoptosis. Moreover, disruption of nucleolar
integrity is not required for such an apoptotic response. Indeed, we observed a similar
pro-apoptotic role of the p53 regulator, RPL11, regardless of the status of nucleolar structure
as revealed by immunofluorescence for the GC marker Npm. These findings imply that
perturbations of ribosomal biogenesis may trigger neuronal death even when the nucleolus is
relatively well preserved and nucleolar transcription remains active. Hence, ribosomal stress
defined as broadly as any dysregulation of ribosomal biogenesis appears to be a sufficient
stimulus to activate neuronal stress response including apoptosis (Table 1).

In their seminal paper, Rubbi and Milner first proposed that activation of p53 is caused by
functional disruption of the nucleolus [50]. Importantly, not all stressors used in that work
were equally potent in altering nucleolar morphology. For instance, there was no correlation
between p53 accumulation and Npm release from the nucleolus in proliferating cells treated
with the established anti-ribosomal agent 5FU. Subsequent studies have provided multiple
examples of p53 accumulation in response to stressors that perturb ribosomal biogenesis
without structural disruption of the nucleolus. Thus, in various cell lines, depletions of either
RPs of the small ribosomal subunit or several ribosomal biogenesis factors that regulate
post-transcriptional stages of ribosome synthesis stabilized p53 despite normal or enlarged
nucleoli [19,20,51-53]. This response resulted in cycle arrest and/or senescence but not
apoptosis.

In contrast, at least in the human breast cancer cell line MCF7, nucleolar disruption appears
to be necessary to steer the p53 signaling toward inducing apoptosis [51]. Thus, reduced
nucleolar transcription lowers nucleolar rRNA content and consequently triggers release

of nucleolar proteins, whose nucleolar residence requires RNA interactions. Among such
proteins are Npm1 and the ribosomal biogenesis factor, MYBBP1. After release from the
nucleolus, MYBBP1 facilitates acetylation of the TP53 K382 residue enhancing the TP53-
driven transcription of pro-apoptotic genes including BAX, thus promoting apoptosis.

Currently, it is unknown why cultured neurons from neonate brain respond to ribosomal
biogenesis inhibition with p53-dependent apoptosis regardless of nucleolar disruption. One
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possibility is that in these cells pro-apoptotic modifications of p53 may be constitutive

while its stability is the primary regulator of p53 activation. Alternatively, in developing
neurons, chromatin arrangement of the p53-regulated killer genes may favor their expression
lowering the threshold for apoptotic activation of p53 [54]. One should also note that such a
pro-apoptotic potential may be different in various types of neurons.

Nucleolar disruption and ribosomal stress in neurodegeneration.

The finding that in neurons ribosomal biogenesis inhibition may occur in the absence of
nucleolar disruption, and that the latter event is not necessary to activate p53-mediated
apoptosis suggests that nucleolar morphology may not be a reliable indicator of ribosomal
stress in neurodegeneration. Such a notion is also consistent with our recent report of

the p53-independent impairment of dendritic growth and maintenance as well as reduced
protein synthesis in hippocampal neurons whose ribosomal biogenesis was perturbed
without disrupting the nucleolus [39]. Therefore, normal nucleolar morphology, including
nucleolar appearance of Npm, does not exclude the existence of neurotoxic ribosomal
stress. Indeed, the definition of ribosomal stress as dysregulation of ribosomal biogenesis
that produces quantitative imbalances of ribosomal components includes cases in which
nucleolar morphology is unaffected (Table 1).

Additional parameters that determine ribosomal biogenesis may be needed to test for the
presence of ribosomal stress in the degenerating nervous system. Such parameters may
include the epigenetic status of rDNA, levels of rRNAs and their precursors, the expression
of ribosomal biogenesis factors, and finally, cellular ribosome content. Examples of such

a comprehensive approach were recently presented in the context of postmortem brain
samples from patients suffering of PD or AD [17,18]. In both cases morphological changes
to neuronal nucleoli were relatively modest with up to 30% affected neurons at the most
advanced stages of either pathology. In contrast, decreasing levels of rRNA and/or mRNAs
for some RPs were present at early/intermediate stages. For instance, at least 50% declines
were reported for 28S or 18S rRNA in the CA1 region of the hippocampus at AD stage

I-11 or the substantia nigra at PD stage I11-1V, respectively. Such observations suggest that in
degenerating neurons impaired ribosomal biogenesis precedes disruption of the nucleolus.

What may cause ribosomal stress in neurodegenerative diseases? For several genetic

forms of neurodegeneration, including HD, some types of familial PD, Machado—Joseph
disease, or ALS/FTLD, neurodegeneration-associated mutations have been shown to impair
rDNA transcription or rRNA processing [11-16]. In sporadic cases, causes of ribosomal
biogenesis perturbations are not clear, but may include oxidative damage of nucleic acids
and/or increased formation of RNA stress granules with consequent impairments of rRNA
transcription/processing and/or translation of RPs, respectively [8,9,55-57]. In addition,
recently identified neurodegeneration-associated disturbances in nuclear pore function may
also contribute to ribosomal biogenesis disturbances as shown in proliferating cells that
were depleted of specific components of the pore complex [58-61]. Finally, one should
note that, at least in non-neuronal systems, ribosomal stress may arise as a consequence of
enhanced ribosome production as exemplified by ribosomal stress in cells that overexpress
oncogenes [20]. Therefore, in neurons that respond to tissue damage by hypertrophy [33],
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enhanced production of ribosomes may also produce ribosomal stress. It is tempting to
speculate that regardless of its origins, dysregulated ribosomal biogenesis contributes to
neurodegeneration by affecting translation and/or inducing the ribosomal stress response
including the pro-apoptotic activation of p53.

L11 as a mediator of ribosomal stress.

To address the role of ribosomal stress in neurological diseases one should identify its
specific mediators that could be targeted to block that pathway. Our data indicate that

in neurons, L11 is one such mediator. This conclusion is consistent with findings from
proliferating cells, in which L11 is necessary to activate p53 upon ribosomal stress [19,61—
63,51,20]. However, in neurons, knocking down L11 afforded a different magnitude of
protection dependent on the ribosomal stress inducer. Thus, the greatest protection was
observed in 5FU-treated or shL4-transfected neurons. Partial protection was observed with
DNA topoisomerase inhibitors or shRNAs that targeted Tifla or S6. In contrast, in all
these cases, inhibition of p53 offered complete protection. Therefore, besides L11 there
may be additional mediators of the ribosomal stress-p53 pathway. Moreover, ribosomal
stress-independent activation of the p53 pathway may have contributed to neuronal apoptosis
in those cases where L11 knockdown offered only partial protection. At least in neurons
exposed to DNA damaging agents, including camptothecin or etoposide, the DNA damage
response could have provided an additional arm of p53 activation.

Recent work has established solid evidence that in proliferating cells, L11 activates p53

by binding to MDM2 as a component of the ribonucleoprotein complex 5S RNP [20,62—
64]. Each component of that complex including L11, L5 and 5S rRNA is required for

the ribosomal stress-mediated activation of p53. It has been proposed that under normal
conditions 5S RNP is rapidly used for the synthesis of the large ribosomal subunit., Factors
that prevent its incorporation into the large subunit (LSU) or that increase its generation
without a corresponding increase in LSU assembly lead to ribosomal stress [62,63]. For
instance, increased translation of L11 follows disruption of the small ribosomal subunit
assembly [19]. Mutually stabilizing effects of L11 and L5 were also reported after inhibition
of ribosomal biogenesis [65]. In addition, in ribosomal stress exposed cells, 5S RNP
localization may change from mostly nucleolar to nucleoplasmic [63]. Such an increase

in the nucleoplasm has been proposed to enable inhibitory interactions with MDM2, which
resides in that compartment of the nucleus. Future research will establish whether in neurons
components of 5S RNP other than L11 are required for ribosomal stress signaling and
whether their nucleoplasmic levels increase upon ribosomal stress.

Role of ribosomal stress in etoposide-induced apoptosis.

Our data indicate that in neurons, ATM-dependent dysregulation of ribosomal biogenesis,
but not nucleolar disruption, occurs in response to low concentrations of the DNA

double strand break inducer, etoposide. Moreover, we speculate that the etoposide-induced
increases in pre-rRNA levels and nascent RNA labeling in the nucleolus reveal slower
rRNA processing and/or increased rRNA transcription. There were several reports from
highly proliferative cell lines as well as primary cells suggesting DSB-induced-, and, ATM-
mediated inhibition of nucleolar transcription with DSBs present either in cis- or in trans- to
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the rDNA loci [66—70]. Yet, the functional significance of such a response remains unclear.
Our finding that shL11 attenuated etoposide-induced neuronal apoptosis indicates that at
least in neurons, DNA damage-induced ribosomal stress contributes to the pro-apoptotic
activation of p53. We speculate that in developing neurons challenged with moderate levels
of DSBs such a mechanism may amplify the p53 response ensuring the elimination of
damaged cells.

How ATM perturbs ribosomal biogenesis in neurons is not clear. However, rRNA processing
factors, as well as components of the Poll transcriptional machinery, are among the putative
ATM substrates that are phosphorylated in response to DNA damage in non-neuronal cells
[71]. In addition, after DNA damage, an ATM recruitment factor, NBS1, translocates to the
nucleoli suggesting that ATM may be able to interact with nucleolar proteins that produce
ribosomes [67].

In summary, we provide evidence that ribosomal stress is sufficient to activate p53-mediated
apoptosis of cortical neurons without nucleolar disruption. Therefore, the pathological
dysregulation of ribosomal biogenesis may be overlooked if nucleolar integrity is the only
criterion evaluated. In addition, we identify L11 as a mediator of ribosomal stress-induced
neuronal apoptosis. Hence, targeting ribosomal stress-specific signal transducers, such as
L11, provides an approach to determine the pathological significance of ribosomal stress in
neurological diseases.
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Figure 1. Ribosomal protein depletion triggers neuronal apoptosisthat is p53-dependent.
DIV3 neurons were transfected with expression vectors for f-galactosidase (B-gal) and

shRNAs (0.1 and 0.3 pg plasmid DNA/5x10° cells, respectively; 0.4 ug sShRNA plasmids
were used in D); an shRNA targeting Renilla luciferase (shLuc) was used as a control. The
dominant-negative mutant of p53 (DN-p53) or its empty vector control (EV) was added as
indicated (0.1 ug plasmid DNA). All shRNAs were previously validated in rat forebrain
neurons [39]. Cells were fixed after 48 h. A, Representative photomicrographs depicting
transfected neurons as identified by immunofluorescence for p-gal (arrows). Apoptotic
changes, including condensation and fragmentation of the nucleus, were visualized by
counterstaining with Hoechst-33258 (arrowhead). B, Increased apoptosis after transfection
of shRPs was prevented by the DN-p53. C, Consistently with previously published data,
knockdown of the Poll co-activator Tifla elicited similar apoptotic response [28]. D, In
hippocampal neurons, shRPs or shTifla also induced apoptosis. Averages +SEM of 2 sister
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cultures from 3 (B) or 2 (C, D) independent experiments are shown; p>0.05, NS; p<0.05, *,
p<0.001, *** as compared to shLuc-transfected controls unless indicated otherwise (c~test).
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Figure 2. In neurons, ribosomal protein depletion hasrelatively minor effects on nucleolar
structure.
Cortical neurons were transfected as in Fig. 1; DN-p53 was included in all transfections

to prevent apoptosis. After 48 h cell were fixed and nucleolar marker proteins

including nucleophosmin-1/B23 (Npm), nucleolin (Ncl) and fibrillarin were detected by
immunofluorescence. A, Representative images of nucleoli in transfected cells; arrows
indicate the transfected (/.e. B-gal-positive) neurons. Knockdown of Tifla but not RPs
disrupted nucleolar staining of Npm and Ncl but not fibrillarin. B, Quantitative analysis

of fluorescence intensity (FI) for Npm- and Ncl signals in the nucleolus and the

nucleus. Decline of the nucleolar signal in shTifla-transfected neurons suggests structural
reorganization of the nucleolus including reduced size of the granular component. Of shRPs
only shS6 produced relatively small decrease in nucleolar signals of Npm and Ncl. C,
Territory of an average nucleolus as defined by the Npm signal was reduced by shTifla but
not shRPs. D, Average number of Npm-positive nucleoli/cell was increased or reduced by
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shS6 or shTifla, respectively; shS14 or shL4 did not affect that parameter. In B-D, averages
+SEM of at least 40 cells from 2 independent experiments are shown; p>0.05, NS; p<0.05,
*; p<0.001, *** (one-way ANOVA/Tukey posthoc tests).
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Figure 3. Similar anti-ribosomal effects after neuronal depletion of RPsand the Pol1 co-factor
Tifla.

Cortical neurons were transfected as in Fig. 2 except the B-gal vector was replaced by

a RFP expression vector; 48 h later cells were fixed and ribosomes and DNA were

stained using NeuroTrace Green and Hoechst-33258, respectively. Representative images of
transfected (/.e. RFP-positive) neurons are shown in A (arrows); quantification of perikaryal
ribosome content is presented in B. Reduced perikaryal ribosome content was observed

in cells that were transfected with shRPs or shTifla. Averages=SEM of at least 45 cells
from 3 independent experiments are shown; p<0.05, *; p<0.001, *** as compared to shLuc-
transfected controls (ANOVA/Tukey posthoc tests in B).
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Figure 4. Knockdown of the ribosomal protein L 11 reduces apoptotic responsesto ribosomal
stressregardless of nucleolar disruption.

A-B, DIV3 cortical neurons were transfected with expression vectors for p-gal, EGFP-L11,
and, shRNAs against L11 including shL11-1, shL11-2 or their equimolar mix that was
designated as shL11 (0.1+0.1+0.4 pg plasmid DNA/5x10° cells, respectively); control was
the shRNA against Renilla luciferase (shLuc). After 48 h, cells were fixed and fraction

of transfected (/.e. p-gal-positive) cells that also expressed EGFP was determined by co-
immunofluorescence. EGFP-L11, which in most shLuc-transfected controls was present

in the nucleus and the nucleolus (arrow), was virtually undetectable in the presence of
either shL11 plasmid (arrowheads). C, For ribosome content determination, cortical neurons
were transfected with shL11 as described for Fig. 3. As with other RPs, knockdown of

L11 resulted in declining ribosome content. D-F, Cortical neurons were transfected with
expression vectors for B-gal and shRPs or shTifla and shL11 (0.1+0.2+0.2 pg/5x10° cells);
shLuc was used as a control. D, Representative images of transfected neurons that were
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identified by p-gal immunofluorescence (arrows) at 48 h post transfection. Note apoptotic
changes in nuclear morphology of the shLuc+shS6-transfected neuron (arrowhead). E-F,
Quantification of ribosomal stress-induced apoptosis revealed protection by shL11. Note
similar protection against shTifla by either shL11-1 or shL11-2 or their mix. G, DIV5
cortical neurons were treated with camptothecin (CPT) as indicated; the nucleolar markers
Npm1 and fibrillarin were detected by immunofluorescence. CPT induced nucleoplasmic
translocation of Npm (arrows) and loss of nucleolar fibrillarin (arrowheads) indicating
disruption of the nucleolus. H, Transfections with shL11 were performed as for Fig. 1D.
After 24 h, cells were treated with CPT or staurosporine for the next 24 h. Knockdown

of L11 reduced CPT- but not staurosporine-induced apoptosis. In B, £, F, and H, averages
+SEM of at least 2 sister cultures from at least 3 independent experiments are shown; in C,
data represent 30 cells from two independent experiments; p>0.05, NS; p<0.01, **; p<0.001,
*** as compared to shLuc-transfected controls unless indicated otherwise (¢-test in B, E, F,
H. one-way ANOVA/Tukey posthoctests in C).
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Figure 5. Overexpression of L 11 is moder ately pro-apoptotic.
A-B, Co-expression of p53 and EGFP-L11 but not EGFP-L4 increases p53-driven

transcription. Neurons were transfected with expression vectors for p-gal (EFlalacZ), the
temperature sensitive (TS) mutant form of p53, EGFP-L11 or EGFP-L4, and p53 response
element-luciferase reporter construct (p53RE-Luc, 0.1+0.1+0.05+0.1 ug plasmid DNA/
5x10° cells, respectively). Empty cloning vector (EV) was used as an additional control
for RPL plasmids. After 8 h at the permissive temperature, B-gal-normalized luciferase
activity was determined to evaluate p53-driven transcription. C-D, Moderate increase of
apoptosis after overexpression of EGFP-L11. Expression vectors for p-gal and EGFP-L11
were co-transfected at 0.1 and 0.04 pg plasmid DNA/5x10° cells. After 24 h, apoptosis was
evaluated in B-gal-positive neurons (arrows) using Hoechst-33258. Data represent averages
+SEM of 4- (B) or 2 (C) sister cultures from three independent experiments; p>0.05, NS;
p<0.05, * ; p<0.01, *** as compared to EV-transfected controls (c-test).
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Figure 6. The RPL 11-p53 pathway contributesto ribosomal stress-induced apoptosisin 5FU-
treated neurons.

Treatments with 5-fluorouridine (5FU) and 5-fluorodeoxyuridine (5FdU) were performed
at DIV5 as indicated. A, In 5FU-treated cells, Npm immunofluorescence revealed irregular
shape of the nucleolar-nucleoplasm border (arrows). There were no obvious changes to
fibrillarin labeling. B, Fluorescence intensity analysis revealed moderate but significant
reduction of nucleolar Npm signal after 24 h 5FU treatment. C-D, Neither territory of an
average nucleolus nor average number of nucleoli/cell (as defined by Npm staining) were
affected by 5FU. E, After 2 h treatment, levels of 47S pre-rRNA were lower after 5SFU- but
not 5FdU. 47S levels were determined by gRT-PCR; 18S rRNA was used as a normalizer;
similar results were obtained with other normalizers (Fig. S1). F, Increased levels of the
total- but not Ser-15-phosphorylated p53 (p-p53) in 5FU-treated neurons as revealed by
western blotting. Equal loading was verified by probing the membranes with an anti-p-
actin antibody. G-1, DN-p53 or shL11 blocked apoptotic response to 5FU. Neurons were
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transfected with DN-p53 or shL11 as described for Fig. LA—C or 1D, respectively. After

24 h, 5FU was added for the next 36 h. G, Representative images of transfected neurons.
Arrows point non-apoptotic cells; arrowheads indicate a cell with apoptotic changes of
nuclear morphology as revealed by Hoechst 33258 staining. H-I, Quantification of apoptosis
in transfected neurons. Data represent averages +SEM of at least 40 cells (B-D), single
cultures (£) or 2 sister cultures (H-/) from 2, 3 or 3 independent experiments, respectively;
p>0.05, NS; p<0.05, * ; p<0.01, *** (two-way ANOVA/Tukey posthoctests in B-D; u-test in
E, H, )); in F, similar results were obtained in 2 independent experiments.
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Figure 7. ATM-dependent dysregulation of ribosomal biogenesis contributesto etoposide-
induced neuronal apoptosis.

Cortical neurons were treated with etoposide on DIV5 (A-J) or DIV4 (K-L) as indicated.
A, Activation of the DNA damage response by etoposide as revealed by western blotting
for DNA-damage-associated phosphorylations of ATM (pS1981, p-ATM), H2Ax (pS139,
YH2AX) and p53 (pS15, p-p53). Equal protein loading was verified by reprobing the
membranes with anti-p-actin antibody. Note that the etoposide-induced DNA damage
response appeared even at the lowest etoposide concentration tested (0.5 uM). B,
Representative images of immunofluorescence for nucleolar markers Npm and fibrillarin
after 4 h treatment with 1 uM etoposide (Etop). Note apparent nucleolar enlargement as
revealed by Npm staining (arrow). C, Fluorescence intensity analysis revealed moderate but
significant increase of nucleolar Npm signal. D, Similar increase of territory of an average
nucleolus was also present (as defined by Npm staining). E, In contrast, average number
of Npm-positive nucleoli per cell was unaffected. F, Etoposide affected 47S pre-rRNA
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levels in a concentration-dependent manner. 47S levels were determined by gRT-PCR with
normalization against 18S rRNA. Note increased pre-rRNA levels at concentrations <1 uM
that did not disrupt nucleoli (B-E). G-J, Ribosomal biogenesis dysregulation by etoposide
is ATM-dependent. G, Western blots to verify inhibition of the ATM pathway with the
ATM drug inhibitor KU55933 (ATMi, 10 pM). ATMi blocked 10 pM etoposide effects

on ATM autophosphorylation (pS1981) and phospho-(S15) p53; B-tubulin was used as a
normalizer (B-Tub). H, After 4 h treatment with 1 pM etoposide, increases of pre-rRNA
levels were attenuated by ATMi. /-J, ATMi-sensitive accumulation of nascent RNA in
nucleoli of etoposide-treated neurons. /77 situ run on assay with the RNA precursor EU

was performed using Click-1t chemistry; immunostaining for Npm was also done to mark
nucleoli. For quantification, EU signal intensity in the nucleolus was normalized against
EU signal intensity from the whole nucleus. K-L, Knockdown of shL11 reduced etoposide-
induced apoptosis. Neurons were transfected with shL11 as for Fig. 1D; 24 h later etoposide
treatment was performed as indicated. K, Representative images of transfected neurons;
arrows point a non-apoptotic cell; arrowheads indicate a cell with apoptotic changes of
nuclear morphology. £, Quantification of apoptosis in transfected neurons. Data represent
averages £SEM of at least 40 individual cells (C-£, G), single cultures (£, H) or 2 sister
cultures (L) from three independent experiments; p>0.05, NS; p<0.05, * ; p<0.01, **;
p<0.001, *** (one-way ANOVA/Tukey posthoctests in C-£, and, J, t-test in F, H, and, L);
in A, and, G, similar results were obtained in at least 2 independent experiments.
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