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ABSTRACT The nucleolus is a subnuclear compartment with key roles in rRNA syn-
thesis and ribosome biogenesis, complex processes that require hundreds of pro-
teins and factors. Alterations in nucleolar morphology and protein content have
been linked to the control of cell proliferation and stress responses and, recently,
further implicated in cell senescence and ageing. In this study, we report the func-
tional role of NOL12 in the nucleolar homeostasis of human primary fibroblasts.
NOL12 repression induces specific changes in nucleolar morphology, with increased
nucleolar area but reduced nucleolar number, along with nucleolar accumulation
and increased levels of fibrillarin and nucleolin. Moreover, NOL12 repression leads to
stabilization and activation of p53 in an RPL11-dependent manner, which arrests
cells at G2 phase and ultimately leads to senescence. Importantly, we found NOL12
repression in association with nucleolar stress-like responses in human fibroblasts
from elderly donors, disclosing it as a biomarker in human chronological aging.
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The nucleolus is a subnuclear multifunctional compartment with a central role in
ribosome biogenesis and RNA-processing events, and it is also involved in the

sensing of cellular stress and in cell cycle regulation (1–3). The main function of the
nucleolus is the synthesis of rRNA and its complex processing and coassembly with
ribosomal proteins into ribosome subunits (4). RNA polymerase I (RNA Pol I) synthesizes
a precursor rRNA transcript (47S pre-rRNA in humans) that is processed and modified
(including 2=-O-methylation and pseudouridylation) into 28S, 18S, and 5.8S rRNAs.
These three rRNAs, together with the 5S rRNA synthesized by RNA Pol III in the
nucleoplasm, are assembled with ribosomal proteins into large and small ribosomal
subunits to be exported independently to the cytoplasm (4). Ribosome biogenesis is
one of the most energy-consuming processes in a cell, and it is highly regulated, so that
protein synthesis potential (ribosome levels) matches energy supply to ensure proper
cellular proliferation and cell growth (5). Mammalian cells have the ability to sense
extreme variations in their internal and external environments and frequently respond
accordingly with cell cycle arrest or apoptosis. p53 is a tumor suppressor protein, with
crucial functions in protecting genome integrity upon cellular stress (6). Direct and
localized micropore UV irradiation of cell nucleoli was shown to induce p53 stabiliza-
tion. However, cells could tolerate a large amount of DNA damage without inducing a
p53 response if this DNA damage was not localized and if the nucleoli were disrupted
(7). Furthermore, in addition to DNA damage, several other stresses, including chemo-
therapeutic drugs and inhibition of RNA Pol I transcription by low doses of actinomycin
D (ActD), interfere with nucleolar homeostasis and promote a p53-dependent nucleolar
stress response (3). Under normal conditions, MDM2, an E3 ubiquitin ligase, prevents
p53 stabilization through proteasome-mediated degradation. If nucleolar stress occurs
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or ribosome biogenesis is perturbed by ribosomal protein deficiency or oncogenic
overstimulation, the intermediate ribosomal assembly complex 5S RNP, comprised of
RPL11, RPL5, and 5S rRNA, directly binds and represses MDM2 to stabilize p53 (8–11).
Also, both replicative stress (with delayed rRNA processing) and oncogenic stress (with
accelerated rRNA transcription) were shown to promote the association of the 5S RNP
complex with MDM2, leading to p53 stabilization (12).

Nucleoli have been shown to behave like liquid droplets (13, 14), where proteins and
other molecules that participate in ribosome biogenesis dynamically self-segregate into
the three microscopically recognized nucleolar regions: dense fibrillar component
(DFC), fibrillar center (FC), and granular component (GC). Therefore, alterations in
nucleolar structure are expected to closely reflect changes in the nature or dynamic
partition of enzymatic nucleolar reactions. For decades, pathologists have recognized
the correlation between changes in nucleolar size and/or number and tumor aggres-
siveness (15). In our previous studies, we identified viriato, the single Drosophila
member of the NOL12/Nop25 gene family, as a crucial regulator of nucleolar architec-
ture (16), as also described for rat Nop25 (17). The yeast NOL12 homologue Rrp17 was
shown to function as a 5=-to-3= RNA exonuclease for processing of the internal
transcribed spacer 1 (ITS1) region of pre-rRNA during ribosome biogenesis (18, 19).
Human NOL12 was shown to be required for pre-rRNA ITS1 processing, in particular for
cleavage of site 2 (20, 21), but its putative 5=-to-3= RNA exonucleolytic activity has not
yet been ascertained. Interestingly, NOL12 colocalized with DNA repair proteins, such
as Dhx9 and TOPBP1, and was required for HCT116 cells to recover from DNA stress
(21). In this colon cancer cell line, p53 stabilization was observed, but it was not
required for cell cycle arrest or apoptosis (21). We also previously found that viriato is
a novel transcriptional target of Drosophila Myc with a crucial function in ensuring a
coordinated nucleolar response to dMyc-induced tissue growth (16). Furthermore,
through a retina-targeted double RNA interference (RNAi) screen, we identified a
genetic interaction between viriato and several Drosophila transforming growth factor
� (TGF-�) signaling gene members (22). This led us to study and implicate TGF-�/activin
signaling in the regulation of nucleolar biogenesis and cell growth in Drosophila salivary
glands (23). Furthermore, we also disclosed that, during retina development, viriato
knockdown induced an increase of p53-independent, caspase-mediated apoptotic cell
death (16). Overall, our analysis of Drosophila Viriato suggested a potential novel link
between structural/functional changes in the nucleolus and cell proliferation and
apoptosis. Nevertheless, the putative role of p53 activation in response to nucleolar
stress induced by Viriato/NOL12 knockdown awaited further analysis.

Using primary human fibroblasts to investigate the functional role of human NOL12,
we here show that NOL12 is important for nucleolar homeostasis, regulating its
structure and the nucleolar levels of the multifunctional fibrillarin and nucleolin pro-
teins. Moreover, we found NOL12 depletion to induce strong p53 activation, which at
the mechanistic level requires the function of MDM2 inhibitor 60S ribosomal protein
L11 and which causes G2 arrest. Importantly, we show that NOL12 repression, either
experimental or age associated, leads to p53-driven senescence, suggesting an impor-
tant role for NOL12 in replicative and chronological aging and its potential as aging
biomarker.

RESULTS
NOL12 regulates nucleolar structure and the protein levels of fibrillarin and

nucleolin. To investigate the functional role of NOL12 at the nucleolus, we started by
evaluating the NOL12 localization pattern in human primary dermal fibroblasts (HDFs)
from neonatal foreskin by immunostaining (Fig. 1A; see Fig. S1A in the supplemental
material). We observed that NOL12 localization is mainly restricted to the nucleolus,
partially colocalizing with the fibrillarin RNA methyltransferase at the DFC compartment
and with the nucleolin RNA-binding protein that also localizes to the GC (Fig. 1A) (24,
25). To gain insight into the functional role of NOL12 in neonatal HDF, we efficiently
depleted NOL12 by about 80% at both transcript and protein levels (Fig. S1B and C).
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FIG 1 NOL12 repression induces a specific nucleolar stress response in human untransformed cells. (A) NOL12 immunolocalization pattern in neonatal dermal
fibroblasts (green) and colocalization with fibrillarin and nucleolin nucleolar markers (red). DAPI was used for DNA staining (blue). (B) Fibrillarin immunostaining
(grayscale) in control (mock-depleted) and NOL12 siRNA-depleted (siNOL12) cells. In the nuclear magnifications (�63; bottom), the white dashed and the yellow
solid lines represent the masks used to define and measure nuclear and nucleolar areas, respectively. (C) Ratios between nucleolar and nuclear areas. Each dot
represents the value for a single cell. Horizontal lines represent the mean values normalized to those of mock-treated controls. (D) Histogram and respective
distribution curves for the percentages of mock- and siNOL12-treated cells exhibiting total numbers of nucleoli as indicated. (E) Ultrastructures of mock- and
siNOL12-treated nucleoli accessed by transmission electron microscopy. Representative micrographs, at 20,000� magnification, are shown. Arrows indicate
FC/DFC units. The inset is a 6.6� magnification of a nucleolar unit containing well defined FC, DFC, and GC compartments. Scale bars, 0.5 �m. np, nucleoplasm;
nu, nucleolus; FC, fibrillar center; DFC, dense fibrillar component; GC, granular component. (F) Scatter plots of the mean pixel intensities of fibrillarin (FBL) and
nucleolin (NCL) nuclear levels in mock-, siNOL12-, and siXRN2-treated cells. Each dot represents the value for a single cell, and horizontal lines represent the
mean values. a.u., arbitrary units. (G) Immunostaining of fibrillarin and nucleolin (grayscale/red and grayscale/green, respectively) in mock-, siNOL12-, and
siXRN2-treated cells. Nuclei were stained with DAPI (gray). (H) Cell extracts from mock-, siNOL12-, and siXRN2-treated neonatal fibroblasts were immunoblotted

(Continued on next page)
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Importantly, the NOL12 nucleolar immunolocalization pattern observed was specific, as
it was abolished following NOL12 small interfering RNA (siRNA [siNOL12])-mediated
depletion (Fig. S1A).

Interestingly, we found that NOL12 repression increases both nucleolin and fibril-
larin protein levels (Fig. 1B and F to H; Fig. S1D and E). These results are distinct from
previous reports showing that fibrillarin, nucleolin, and nucleophosmin repressions do
not interfere with the levels of other nucleolar proteins involved in ribosome biogenesis
(24, 26, 27). NOL12 knockdown also interfered with nucleolar organization, as evi-
denced by an increased ratio between nucleolar and nuclear areas (6.2%), along with
a decrease in the average number of nucleoli per nucleus (from 3.4 to 2.6) (Fig. 1C and
D; Fig. S1F and G). Using transmission electron microscopy (TEM), we observed that,
whereas mock-depleted fibroblasts exhibited highly defined nucleoli with the typical
amniote tripartite organization (28), nucleoli in NOL12-depleted fibroblasts presented
poorly defined FC/DFC units (Fig. 1E).

We then asked if the observed nucleolar phenotype is specific to NOL12 repression
or if other regulators of pre-rRNA processing might reveal a similar phenotype. To
answer that, we depleted XRN2, a well-characterized nucleolar 5=-to-3= RNA exonu-
clease (29–31). However, fibrillarin and nucleolin nuclear levels (Fig. 1F to H), as well as
the average number of nucleoli per nucleus (Fig. 1I) were only marginally affected.
Unlike the results of NOL12 depletion, XRN2-depleted fibroblasts actually displayed
reduced nucleolar-/nuclear-area ratios (Fig. 1J; Fig. S1F and G). No cross-regulation
between NOL12 and XRN2 protein levels was observed; therefore, the effects of each
repression were specific (Fig. 1H).

Altogether, our results showed that human NOL12 is a nucleolar protein specifically
required for the maintenance of nucleolar structure, as well as for the regulation of
nucleolar levels of fibrillarin and nucleolin, key players in pre-rRNA processing and
ribosome assembly.

NOL12 repression activates the p53-signaling pathway in an RPL11-dependent
manner. Next, we asked whether NOL12 knockdown and the associated disruption of
nucleolar structure could induce p53 stabilization, which is elicited by a variety of
cellular stresses (32), including RNA Pol I inhibition-driven nucleolar stress (33). Both
immunoblot and immunofluorescence quantitative analyses of p53 levels revealed its
stabilization upon NOL12 and XRN2 knockdowns, although the level was significantly
higher in NOL12 repression (Fig. 2A to C).

At low doses, actinomycin D (ActD) specifically inhibits RNA Pol I, preventing the
transcription of rDNA into a 47S pre-rRNA primary transcript (34) and inducing altera-
tions in nucleolar structure (2). Mechanistically, it was previously shown in U2OS cells
that p53 activation by ActD treatment is dependent on the tripartite complex RPL11-
RPL5-5S rRNA binding to MDM2, preventing the MDM2-mediated p53 degradation (11).
We confirmed that RPL11 is also required for ActD-induced p53 stabilization in HDF
(Fig. 2D, F, and G; Fig. S2). Therefore, we explored the contribution of RPL11 to the p53
activation induced by NOL12 repression. Both immunofluorescence and immunoblot
analyses revealed RPL11 to be required for p53 activation upon NOL12 knockdown (Fig.
2E to G). Accordingly, upon NOL12 knockdown, we detected a significant induction of
the p53 downstream target p21/CDKN1A (35), which was abolished in the double
depletion of NOL12 and RPL11 using siRNAs siNOL12 and siRPL11 (Fig. 2E to G).
Altogether, our data suggest that nucleolar stress caused by NOL12 knockdown
activates the p53-dependent signaling pathway in an RPL11-dependent manner.

NOL12 repression induces p53-dependent G2 arrest and cellular senescence. As
a consequence of p53 activation, cells can undergo marked phenotypic changes,

FIG 1 Legend (Continued)
for nucleolin, fibrillarin, XRN2, and NOL12. Tubulin levels were used for the loading control. Protein levels were normalized to those of the mock-treated control.
MW, molecular weight. (I) Stacked bars showing the distribution of the total numbers of nucleoli per nucleus in mock-, siNOL12-, and siXRN2-treated cells.
Different patterns in bars represent different numbers of nucleoli per nucleus. (J) Ratios of nucleolar and nuclear areas in mock-, siNOL12-, and siXRN2-treated
cells. Values are means � standard deviations (SD) normalized to the mean value for the control. Scale bars represent 10 �m in panels A, B, and G. n � total
number of cells analyzed. ****, P � 0.0001, by Mann-Whitney and Kruskal-Wallis statistical tests in panels C, F, and J.
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FIG 2 NOL12 repression activates the p53-signaling pathway in an RPL11-dependent manner. (A) Western blotting of p53 levels in cell extracts from
mock-, siNOL12-, and siXRN2-treated neonatal dermal fibroblasts. Tubulin protein levels were used as the loading control. In the graph, bars show mean
values � SD from three independent experiments, normalized to the values for the mock-treated control. *, P � 0.05, by Kruskal-Wallis statistical test.
(B) p53 immunostaining (green) of mock-, siNOL12-, and siXRN2-treated human fibroblasts. DNA was stained with DAPI (red). Scale bars, 10 �m. (C)
Scatter plot of mean p53 nuclear pixel intensity levels in mock-, siNOL12-, and siXRN2-treated cells. Each dot represents the value for a single cell, and
horizontal lines represent the mean values. n � total number of cells analyzed. ****, P � 0.0001, by Kruskal-Wallis statistical test. (D) Western blotting
of p53 and p21 protein levels in cell extracts from control or siRPL11-depleted fibroblasts, untreated or treated with 8 nM actinomycin D for 4 h, as
indicated. Tubulin was used as the loading control. (E) Western blotting of p53 and p21 protein levels in cell extracts from mock-, siNOL12-, and
siNOL12�siRpL11-treated fibroblasts. Tubulin was used as the loading control. (F) p53 and p21 protein levels measured by Western blotting (as shown
in panels D and E) from four independent experiments. Bars represent mean values � SD, normalized to the values for the tubulin loading control and
the dimethyl sulfoxide (DMSO)-treated control. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001, by Mann-Whitney statistical test. (G) Immuno-
staining of p53 (red) and p21 (green) in control, siRpL11-, siNOL12-, and siNOL12�siRpL11-treated fibroblasts, untreated and treated with 8 nM
actinomycin D for 4 h. DNA was stained with DAPI (gray). Scale bars, 10 �m.
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ranging from increased DNA repair to senescence and apoptosis (32). Independently of
the cell fate, p53 activation typically inhibits the cell cycle by inducing the expression
of p21/CDKN1A (35). To gain insight into the contribution of stabilized p53 in cell
proliferation, we performed time-lapse phase-contrast microscopy of mock-, NOL12-,
p53-, and NOL12-and-p53-depleted primary fibroblast cultures (Fig. 3A; Movies S1 to
S4). Live-cell imaging revealed a clear reduction in the proliferation rate of NOL12-
depleted cell cultures, confirmed by a decreased percentage of living cells that incor-
porated 5-ethynyl-2=-deoxyuridine (EdU) (Fig. 3B), with cycling cells from NOL12-
depleted cell cultures exhibiting a cell cycle delay in comparison to the cycling of the

FIG 3 NOL12 repression induces p53-dependent G2 arrest. (A) Long-term phase-contrast live-cell imaging of mock-, siNOL12-, siP53-, and siNOL12�siP53-
treated fibroblast cell cultures. Representative images captured in movies taken at 28, 48, and 68 h posttransfection are shown. Scale bars,100 �m. (B)
Percentages of mock-, siNOL12-, and siNOL12�siP53-treated cells staining positive upon EdU incorporation at 24, 48, and 72 h posttransfection. Data are mean
values � standard errors of the means (SEM) from three independent experiments. ***, P � 0.001, by �2 statistic test. (C) Cell cycle duration, measured as the
interval between mother cell mitosis and daughter cell mitosis, in mock-, siNOL12-, siP53-, and siNOL12�siP53-treated fibroblast cell cultures. Values are
means � SEM; n � total number of cells analyzed. *, P � 0.05; ****, P � 0.0001, by Mann-Whitney statistical test. (D) Percentages of cells staining negative for
the proliferation marker Ki67 in mock-, siNOL12-, siP53-, and siNOL12�siP53-treated cell cultures. Values are means � SD from at least two independent
experiments. ****, P � 0.0001, by �2 statistical test. (E) Percentages of cells in G1, S, and G2/M cell cycle phases in mock-, siNOL12-, siP53-, and siNOL12�siP53-
treated fibroblast cultures as determined by flow cytometer cell cycle profiling. Values are means � SD from three independent experiments. *, P � 0.05; **,
P � 0.01; ***, P � 0.001, by two-way ANOVA statistical test. (F) Western blot analysis of cyclin B1 levels in cell extracts from mock-, siNOL12-, siP53-, and
siNOL12�siP53-treated neonatal fibroblasts. Tubulin levels were used as the loading control, and cyclin B1 levels were normalized to those of mock controls.
Values are means � SD from at least seven independent experiments. *, P � 0.05; ***, P � 0.001; ****, P � 0.0001, by Mann-Whitney statistical test.
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control (Fig. 3C). This cell cycle delay was consistent along three cell generations (from
a grandmother cell to the granddaughter cells), although there was a progressive
decrease in the number of cycling cells over the recorded period (Fig. S3B). Reduced
proliferative capacity was further confirmed by an increased percentage of fixed cells
staining negative for the proliferation marker Ki67 (66.5% � 6.9% [mean � standard
deviation] versus 10.7% � 5.5% in controls) (Fig. 3D; Fig. S3A). Importantly, the data
showed that the proliferation rate of NOL12-depleted cells was rescued by p53 deple-
tion (Fig. 3A to D). To determine which cell cycle phase primarily contributes to the cell
cycle delay observed following NOL12 repression, we performed flow cytometry cell
cycle profiling. We found a significant increase (3.7-fold) in the G2/M cell subpopulation
in NOL12-depleted cell cultures, which was rescued by p53 depletion (Fig. 3E; Fig. S3C).
Moreover, cell cultures treated both with siRNA against p53 (siP53) and with siNOL12
and siP53 together (siNOL12�siP53) exhibited an accumulation of S-phase cells, which
is likely due to the absence of the breaker role of p53 in cell cycle progression (Fig. 3E).
In addition, we measured the levels of cyclin B1, which specifically accumulates at the
G2/M transition (36), and surprisingly, we found them to be significantly reduced in
NOL12-depleted cell extracts (Fig. 3F). In agreement with the role of p53 as a cell cycle
suppressor, p53 repression induced increased levels of cyclin B1 and restored the cyclin
B1 levels in NOL12-depleted cell extracts (Fig. 3F).

Since the proliferation rate and cyclin B1 levels were significantly decreased follow-
ing NOL12 repression, we hypothesized that the G2/M subpopulation in the cell cycle
profiling most likely reflects a G2 arrest. Interestingly, transient induction of p53 in G2

has been shown to act as the first irreversible step in the onset of senescence, a state
of permanent withdrawal from the cell cycle without undergoing cell death (37).
Indeed, both live-cell imaging (Fig. 3A; Movies S1 and S2) and immunoblot analysis of
cleaved caspase-3 (Fig. S3D) excluded apoptosis as a significant contributor to the
decreased proliferation rate in NOL12-depleted cell cultures. Thus, we asked whether
NOL12 repression was inducing an accumulation of G2-arrested senescent cells. This
permanent arrest is dependent on induction of p53 and p21, resulting in transient
nuclear retention of cyclin B1 in the presence of high nuclear p21 levels (37). Addi-
tionally, a study in primary fibroblasts showed p21 as being able to retain inactive cyclin
B1/Cdk1 complexes in the nucleus (38). Therefore, we stained NOL12-depleted cells for
both p21 and cyclin B1 and investigated the presence of double-positive staining.
Albeit scarce due to the transient nature of nuclear cyclin B1 retention, we found a
6-fold enrichment of p21/cyclin B1 double-positive nuclei in NOL12 depletion (Fig. 4A).
p53 depletion was sufficient to prevent nuclear retention of cyclin B1 in NOL12-
depleted cells (Fig. 4A). Furthermore, we quantified the percentages of cells exhibiting
senescence-associated markers, namely, �-galactosidase (�-Gal) activity and double
positivity for p21 and 53BP1 (a DNA damage response marker) (39). We found signif-
icant increases in these markers following NOL12 repression (p21 positive [p21�]/
53BP1�, 10.68% � 3.46% versus 1.55% � 0.09% in controls; senescence-associated
�-Gal positive [SA–�-Gal�], 16.42% � 4.28% versus 5.38% � 0.52% in controls), which
was rescued upon p53 depletion (Fig. 4B and C). Accordingly, we also found p53-
dependent upregulation of the senescence-associated secretome by assessing the
mRNA expression of selected genes (Fig. 4D) (39). Taken together, our data strongly
support the idea that the cellular senescence induced by NOL12 knockdown is p53
dependent. Notably, we found senescence as the primary cell fate of untransformed
cells in response to nucleolar stress, contrary to the induction of p53-dependent and
-independent apoptosis previously reported in transformed cells (40).

NOL12 repression and nucleolar stress during chronological aging. Our findings
showing a link between NOL12 repression and cellular senescence led us to ask
whether regulation of NOL12 plays a role in naturally aged cells and in replicative
senescence. In agreement with the widely reported accumulation of senescent cells
during chronological and replicative aging (41, 42), we found significantly higher levels
of senescence-associated biomarkers in the proliferating fibroblast cultures from elderly

Nol12 Regulates Nucleolar Stress and Senescence Molecular and Cellular Biology

June 2019 Volume 39 Issue 12 e00099-19 mcb.asm.org 7

https://mcb.asm.org


than from neonatal donors and in high- versus low-passage-number cells, thus vali-
dating their suitability as models of aging (Fig. S4A to C).

Importantly, we found downregulation of NOL12 protein levels in primary fibro-
blasts from 77-, 84-, 85-, and 87-year-old donors (�5 early cell culture passages), as well
as in replicatively aged cells (Fig. 5A and B). Next, we investigated whether naturally

FIG 4 NOL12 repression induces p53-dependent senescence. (A) Percentages of cells staining positive for p21/cyclin B1 immunofluorescence in mock-,
siNOL12-, siP53-, and siNOL12�siP53-treated fibroblast cultures. In the graph, values are means � SD from �50,000 cells, and values are shown as fold changes
in comparison to the values for mock-treated controls. ***, P � 0.001; ****, P � 0.0001, by �2 statistical test. The panel below shows a representative image of
an siNOL12-depleted cell staining double positive for p21/cyclin B1 (arrow). Scale bar, 10 �m. (B) Percentages of cells double positive for p21/53BP1
immunostaining in mock-, siNOL12-, siP53-, and siNOL12�siP53-treated fibroblast cultures. Values are means � SD from two independent experiments. ****,
P � 0.0001, by �2 statistical test. The panel below shows representative images for each experimental condition. Nuclear masking is shown in white. Arrows
indicate p21/53BP1 double-positive cells. Scale bars, 10 �m. (C) Percentages of senescence-associated �-galactosidase (SA-�-Gal)-positive cells in mock-,
siNOL12-, siP53-, and siNOL12�siP53-treated fibroblast cultures. Values are means � SD from two independent experiments. *, P � 0.05; ***, P � 0.001; ****,
P � 0.0001, by �2 statistical test. The panel below shows representative images of mock- and siNOL12-treated cells staining negative and positive, respectively,
for SA–�-Gal. DNA was stained with DAPI (blue). Scale bars, 10 �m. (D) qPCR analysis of transcript levels of NOL12, CDKN1A, MMP1, CXCL8, and TSPAN13 in mock-,
siNOL12-, and siNOL12�siP53-treated fibroblast cultures. G6PD and TBP were used as housekeeping genes. Values are means � SD from four independent
experiments, normalized to the values for controls. *, P � 0.05; ***, P � 0.001, by ordinary one-way ANOVA statistical test.
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FIG 5 NOL12 repression and nucleolar stress in human fibroblasts from elderly donors. (A) Immunofluorescence analysis of NOL12 (grayscale/green) and
fibrillarin (grayscale/red) levels in human primary dermal fibroblasts (HDFs) from neonatal (Neo2) versus 84-year-old (84y) donors, and low-passage (P)-number
(P � 9) versus high-passage-number (P � 25; RS, replicative senescence) neonatal fibroblasts (Neo1). DNA was stained with DAPI (gray). Scale bars, 10 �m. (B)
Western blot analysis of NOL12 protein levels in cell extracts from HDFs from neonatal (Neo2) and 85-, 77-, 84-, and 87-year-old donors, as well as from low-
and high-passage-number neonatal fibroblasts (Neo1, P � 9, and Neo1, P � 25, respectively). Tubulin was used as the loading control. In the graph, values are
means � SD from two independent experiments, normalized to the values for Neo2 (all red bars) or Neo1 (dark gray bar). (C) Ultrastructural analysis of nucleoli
from neonatal and 84-year-old donors by transmission electron microscopy. Representative micrographs, at �30,000 and �50,000 magnification, respectively,
are shown. Arrows indicate FC/DFC units. Scale bars, 0.5 �m. np, nucleoplasm; nu, nucleolus. (D) Scatter plot shows the mean pixel intensities of fibrillarin
nuclear levels in cells from neonatal (Neo1 and Neo2) and elderly (Old; 77-, 84-, 85-, and 87-year-old) donors and NOL12-repressed (siNOL12) and neonatal low-
and high-passage-number (Neo1 P � 9 and Neo1 P � 25) cells. Each dot represents the value for a single cell. Horizontal lines represent the mean values. ****,
P � 0.0001, by Kruskal-Wallis statistical test. (E) Distribution curves for the total numbers of nucleoli per cell in fibroblast cultures from neonatal (Neo1 and Neo2),
elderly (Old; 77-, 84-, 85-, and 87-year-old), and NOL12-repressed (siNOL12) donors. (F) Ratios between nucleolar and nuclear areas in cells from neonatal (Neo1
and Neo2), elderly (Old; 77-, 84-, 85-, and 87-year-old), NOL12-repressed (siNOL12), and neonatal donors at low and high passage numbers (Neo1, P � 9, and
Neo1, P � 25, respectively). Values are means � SD normalized to the value for Neo (red bars) or Neo1 (dark gray bar). ****, P � 0.0001, by Kruskal-Wallis
statistical test. RS, replicative senescence.
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and replicatively aged primary cells with decreased NOL12 levels were under nucleolar
stress. Remarkably, nucleoli in elderly donor cells displayed undefined and/or reduced
numbers of FC/DFC units (Fig. 5C). Also, both naturally and replicatively senescent cells
exhibited alterations in the nucleolar organization similar to those observed in NOL12-
depleted cells, namely, upregulation of fibrillarin nuclear levels, decreased numbers of
nucleoli per nucleus, and increased ratios between nucleolar/nuclear areas (Fig. 5D to
F; Fig. S4D and E). Since NOL12 depletion induces nucleolar stress, ultimately leading
to a decreased proliferation rate and accumulation of senescent cells in human primary
neonatal fibroblast cultures, we hypothesized that NOL12 overexpression in elderly
donor cells should counteract this stress response. Using lentiviral infection, we effi-
ciently overexpressed NOL12 in fibroblasts retrieved from an 84-year-old donor (Fig.
S5A). We found NOL12 overexpression to partially rescue the proliferation rate and
fibrillarin nuclear levels (Fig. S5B and C). However, other nucleolar-stress-associated
phenotypes, such as the ratio between nucleolar/nuclear area and the number of
nucleoli per nucleus, were not significantly altered (Fig. S5D and E). Also, the number
of senescent cells remained unchanged, as evidenced by quantification of SA–�-Gal-
positive cells (Fig. S5F). Thus, by restoring NOL12 protein levels in elderly donor cells,
we partially rescued the proliferation rate but not the accumulation of senescent cells.
Still, our data disclosed a correlation between NOL12 repression, nucleolar stress, and
chronological aging in human primary fibroblasts.

DISCUSSION

We previously showed that Drosophila Viriato/NOL12 is a nucleolar protein crucial
for proper nucleolar structure and dMyc-induced cell growth (16). In this work, we used
human primary fibroblasts to further investigate the cellular functions of NOL12.

We examined the nucleolar localization of NOL12 in human primary fibroblasts,
finding that it colocalizes with fibrillarin and nucleolin, in accordance with a recent
study performed in the HCT116 cell line (21). To investigate the largely elusive role of
NOL12 in nucleolar homeostasis, we knocked down NOL12 in neonatal primary fibro-
blasts, which revealed that NOL12 is required for proper nucleolar organization due to
a role in limiting nucleolar size and regulating nucleolar number. Interestingly, repres-
sion of NOL11 or hUTP4 in human MCF10A cells was also found to cause a strong
reduction in nucleolar number, in correlation with defects in pre-rRNA processing (43).
Moreover, a reduction in nucleolar number was recently used in a genome-wide siRNA
screen to identify 16 regulators of ribosome biogenesis (44).

In addition, we found NOL12 acting to restrain nucleolar accumulation of nucleolin
and fibrillarin. To evaluate whether this pattern of nucleolar stress was specific for
NOL12, we knocked down XRN2, another nucleolar 5=-to-3= RNA exoribonuclease able
to localize to the nucleolus (30, 31), which has multiple roles in pre-rRNA cleavage and
rRNA maturation (20, 45). We found that in contrast to NOL12 repression, XRN2
depletion actually decreased nucleolar size without modifying the number of nucleoli
per cell. Moreover, whereas NOL12 depletion caused significant increases in fibrillarin
and nucleolin cellular protein levels, XRN2 did not have that role. Repression of other
nucleolar proteins, such as nucleolin (46), fibrillarin (26), and nucleophosmin (27), also
did not change the expression levels of different nucleolar proteins.

Stabilization and/or activation of p53 is central in the nucleolar stress response to
defects in rRNA synthesis/processing and ribosomal subunit assembly (47), even
though p53-independent mechanisms have also been suggested (40, 48, 49). Thus, we
assessed p53 protein levels upon NOL12 or XRN2 repression in human fibroblasts.
Interestingly, we found significantly increased p53 protein levels in NOL12-depleted
cells compared with the levels in mock- or XRN2-depleted cells. The transcriptional
activity of p53 also increased, as p21 target protein levels were upregulated. p53 has
been described to repress fibrillarin expression at the transcriptional level (50), so we
were intrigued by the concomitant increase of both p53 and fibrillarin upon NOL12
knockdown. Nevertheless, we cannot exclude the possibility that in the context of
NOL12 repression, p53 activation actually helps to limit an otherwise stronger upregu-
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lation of nucleolar fibrillarin. Given that high fibrillarin expression levels are associated
with poor prognosis in breast cancer (50), more studies are needed to clarify the
mechanisms behind fibrillarin upregulation.

Mechanistically, our results show that activation of the p53 signaling pathway by
NOL12 repression is dependent on RPL11 expression. In response to nucleolar stress,
RPL11 interacts with MDM2 (or HDM2 in human), inhibiting its ability to regulate p53
degradation. This has been reported for several stress conditions, including the inhi-
bition of the activity of RNA Pol I by low-level actinomycin D treatment (51, 52) or the
perturbation of ribosome biogenesis by RPL29 and RPL30 knockdown (53).

We next explored the cellular consequences of p53 activation in NOL12-depleted
cells. Phase-contrast live-cell-imaging analysis first indicated enlarged-cell morphology
and reduced proliferative capacity in NOL12-depleted cell cultures. These effects were
rescued by NOL12 and p53 codepletion, suggesting defective cell proliferation, as
previously described for Drosophila vitoRNAi (16). This is not due to apoptosis, as we did
not detect cleaved caspase-3 or an increased sub-G1 population by flow cytometry. This
is in contrast to nucleolar stress caused by depletion of TIF-IA, a basal transcription
initiation factor for RNA Pol I, found to induce p53-dependent apoptosis in embryonic
fibroblasts (54). One possibility is that the increase in fibrillarin nucleolar levels in
NOL12-depleted cells contributes to biased translation for internal ribosomal entry site
(IRES)-containing mRNAs encoding important antiapoptotic proteins, as previously
described (50, 55). With apoptosis excluded from contributing to the low proliferation
rate of NOL12-depleted cell cultures, we evaluated senescence. Cell cycle profiling and
immunodetection of cyclin B1 levels allowed us to conclude that NOL12-depleted cells
are arrested in G2 phase in a p53-dependent manner. Interestingly, the increased
nucleolar area observed in NOL12-depleted cells is consistent with cells at the G2 phase
(56–58). Previous studies also found the repression of nucleolin and nucleostemin to
induce G2 arrest (24, 59), even though p53 activation was not investigated. Remarkably,
an irreversible G2 arrest, characterized by a transient nuclear accumulation of p21 and
cyclin B1, was shown to be the first step in the onset of senescence (37). Accordingly,
we found that NOL12-depleted cell cultures are enriched in p21/cyclin B1 double-
positive cells. Moreover, Nol12-depleted cell cultures displayed increased numbers of
cells positive for senescence-associated biomarkers, SA–�-galactosidase activity, and
p21/53BP1 immunostaining and exhibited the senescence-associated secretory pheno-
type. Therefore, our results show that senescence, rather than apoptosis, is the out-
come for untransformed cells in response to NOL12 depletion-driven nucleolar stress.
Interestingly, therapeutic inhibition of Pol I transcription by treatment with CX-5461, a
specific small-molecule inhibitor of RNA Pol I, was shown to induce cell death in
malignant B cell lymphomas but not in normal B cells (60). This bias was also reported
in mouse epidermis upon p53 activation induced by MDM2 deletion (61). In contrast,
in transformed cells, it was reported that apoptosis mainly configures the response to
nucleolar stress (40). During preparation of our manuscript, increased apoptosis upon
NOL12 depletion in colon cancer HCT116 cells was reported (21). In contrast to our
results, apoptosis was associated with p53-independent G1 arrest and ATR-Chk1 acti-
vation (21). It has been shown that, in response to nucleostemin depletion, embryonic
fibroblasts and HCT116 cells have different p53-regulated responses (59). At the
mechanistic level, whereas transient induction of p53 in untransformed G2 cells is
sufficient to induce the onset of senescence (37), HCT116 cancer cells can overcome the
G2 arrest 18 h after a DNA-damaging insult, upon checkpoint recovery mediated by the
function of the Wip1 phosphatase (62). Therefore, we hypothesize that a similar
differential response to p53 activation could explain the distinct phenotypes induced
by NOL12 knockdown in primary fibroblasts and HCT116 cells.

After establishing a connection between NOL12 repression and increased senes-
cence, we next asked whether regulation of NOL12 expression plays a role in aging-
associated senescence. Remarkably, we found that both low-passage-number fibroblast
cultures retrieved from elderly donors or high-passage-number human neonatal fibro-
blasts (replicative senescence) exhibit significant downregulation of NOL12 expression.
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Similar to the nucleolar phenotypes observed following NOL12 repression, both repli-
catively and naturally aged cells exhibited increased nucleolar area, lower numbers of
nucleoli per nucleus, higher nuclear fibrillarin levels, and altered nucleolar ultrastruc-
ture. In parallel, recent studies characterized fibrillarin upregulation and increased
nucleolar size as hallmarks of aging across species (63, 64). In Caenorhabditis elegans,
fibrillarin knockdown reduced nucleolar size and ribosome biogenesis, and these
alterations correlated with extended life span (64). Furthermore, prematurely aged cells
from HGPS (Hutchinson-Gilford progeria syndrome) donors exhibited bigger but fewer
nucleoli (63). By restoring NOL12 protein levels in fibroblasts from elderly donors, we
expected to rescue their senescent phenotype. Although we found a partial rescue in
the number of proliferative cells and a mild reduction of fibrillarin levels, the number
of senescent cells and the nucleolar organization remained unchanged, likely due to
the complexity of the senescence process. Eventually, cells would need more time in
culture in order to allow the dilution of the senescent cells and their paracrine effects
by the more fit proliferating cells expressing NOL12. While the recovery of NOL12
protein levels was not sufficient to revert senescence in cell cultures from elderly
donors, FoxM1, a transcription factor involved in G2/M transition (65, 66), was recently
reported as able to do it (39). Interestingly, RNA sequencing profiling of neonatal
FoxM1-depleted cells and of octogenarian FoxM1-overexpressing cells showed that
NOL12 expression is responsive to FoxM1 modulation (39), suggesting that cell prolif-
eration is closely linked to nucleolar homeostasis. Further work will be needed to
address the functions of NOL12 during aging, in particular the mechanism responsible
for its aging-associated repression and its contribution to ribosome biogenesis and
p53-dependent senescence.

MATERIALS AND METHODS
Cell culture. Human dermal fibroblasts retrieved from skin biopsy specimens of Caucasian males

reported as healthy were acquired from cell biobanks as summarized in Table S1 in the supplemental
material. Cells were seeded at 1 to 1.5 � 104 cells per cm2 of growth area in minimal essential medium
Eagle-Earle (MEM) supplemented with 15% fetal bovine serum (FBS), 2.5 mM L-glutamine, and antibiotic-
antimycotic (1:100) (all Gibco; Life Technologies/Thermo Scientific, Carlsbad, CA). Only early-passage
dividing fibroblasts (up to passage 3 to 5) with a cumulative population doubling level (PDL) of �24, well
below replicative senescence, were used in all experiments. Cells were grown at 37°C in a humidified
atmosphere with 5% CO2. For immunostaining experiments, cells were cultured on coverslips coated
with 50 �g/ml fibronectin (Sigma-Aldrich, St. Louis, MO).

Drug treatments. For RNA polymerase I inhibition, fibroblasts were incubated for 4 h in medium
containing 8 nM actinomycin D (Sigma-Aldrich, MO). For siRNA-depleted cells, actinomycin D was added
4 h before cell harvesting or fixation. For apoptosis induction, cells were incubated for 4 h in medium
with 5 �M staurosporine (LC Laboratories).

Senescence-associated–�-galactosidase (SA–�-Gal) assay. Cells were incubated in medium with
100 nM bafilomycin A1 (Sigma-Aldrich, MO) for 90 min to induce lysosomal alkalinization. A concen-
tration of 33 �M of the fluorogenic substrate for �-galactosidase (�-Gal), fluorescein di-�-D-
galactopyranoside (Sigma-Aldrich, MO), was then added to the cell culture medium, and incubation
carried out for 90 min. Cells were fixed in 4% paraformaldehyde for 15 min, rinsed with phosphate-
buffered saline (PBS), and permeabilized for 15 min with 0.1% Triton X-100 in PBS. Finally, cells were
counterstained with 1 �g/ml DAPI (4=,6-diamidino-2-phenylindole; Sigma-Aldrich, MO).

siRNA transfection. For NOL12 depletion, we tested 3 different siRNAs from Sigma (SASI_
Hs01_00047858, SASI_Hs01_00047859, and SASI_Hs01_00047860). SASI_Hs01_00047859 depleted
NOL12 the most efficiently. The sequences of all siRNAs used in this study (from Sigma-Aldrich) are
summarized in Table S2. For efficient depletion of XRN2, we used a mixture of two previously reported
siRNAs (20, 29). One hour after their plating, cells were transfected with a final concentration of 45 nM
siRNA using Lipofectamine RNAiMax transfection reagent (Thermo Scientific, CA) according to the
manufacturer’s instructions. Cells treated under the same conditions with transfection reagent without
siRNA were used as controls (mock-depleted cells). Six hours after transfection, the medium was replaced
by fresh medium supplemented with 5% FBS, and the next day, by complete MEM. Phenotypes were
analyzed and quantified 72 h posttransfection.

Immunostaining. Fibroblasts were grown on sterilized glass coverslips coated with 50 �g/ml
fibronectin (Sigma-Aldrich, MO). Cells were fixed in freshly prepared 2% paraformaldehyde in PBS for 20
min or in 4% paraformaldehyde in PBS for 15 min in the case of 53BP1 and p21 markers. Following
fixation, cells were rinsed in PBS, permeabilized with 0.3% Triton X-100 in PBS for 7 min, and blocked in
0.05% Tween 20 in PBS (PBS-T) supplemented with 10% FBS for 1 h at room temperature. Cells were then
incubated overnight at 4°C with primary antibodies (Abs) diluted in PBS-T supplemented with 5% FBS as
follows: mouse anti-NOL12 Ab (sc-374257; Santa Cruz Biotechnology, CA), 1:800; rabbit antifibrillarin Ab
(ab5821; Abcam, Shanghai, China), 1:1,000; rabbit anti-p53 Ab (sc-6243; Santa Cruz Biotechnology),
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1:1,000; mouse antifibrillarin Ab (ab4566; Abcam, Shanghai, China), 1:3,000; rabbit antinucleolin Ab
(sc-13057; Santa Cruz Biotechnology), 1:500; rabbit anti-53BP1 Ab (#4937; Cell Signaling Technology,
Danvers, MA), 1:100; mouse anti-p21 Ab (sc-6246; Santa Cruz Biotechnology, CA), 1:1,000; rat anti-�-
tubulin Ab (Sigma-Aldrich), 1:100; rabbit anti-Ki67 Ab (ab15580; Abcam, Shanghai, China), 1:1,500; and
rabbit anti-cyclin B1 Ab (#4138; Cell Signaling Technology, USA), 1:100. Secondary antibodies conjugated
with Alexa Fluor 488, 568, and 647 were diluted 1:1,500 in PBS-T supplemented with 5% FBS, and
coverslips were incubated for 45 min at room temperature. DAPI (Sigma-Aldrich) was used at 1 �g/ml for
nuclear staining, and coverslips were then mounted in slides with mounting solution (90% glycerol, 0.5%
N-propyl gallate, and 20 nM Tris, pH 8).

EdU incorporation assay. To assess the proliferative activity of human primary fibroblasts, 5-ethynyl-
2=-deoxyuridine (EdU) (20 �M/well; Invitrogen, Darmstadt, Germany) was added to cells for 3 h before
each time point monitored (24, 48, and 72 h). Coverslips were fixed in 4% paraformaldehyde (PFA) for 15
min, washed with 10% FBS, and permeabilized with 0.3% Triton X-100 in PBS for 7 min. Instructions from
the Click-iT EdU Alexa Fluor 594 imaging kit (Invitrogen) were then followed.

Microscopy and image analysis. Slides were analyzed under an HC PL APO CS 63�/1.30-numeric-
aperture (NA) glycerin (21°C) objective in a Leica TCS SP5 II laser scanning confocal microscope (Leica
Microsystems, Germany). Images were acquired at 1,024- by 1,024-pixel resolution and edited using
Adobe Photoshop CS4 extended version 11.0. All image fields used for quantitative analyses were
acquired in an IN Cell Analyzer 2000 (GE Healthcare, United Kingdom) equipped with a Photometrics
CoolSnap K4 camera. IN Cell Investigator software was used for measuring nucleolus and nucleus
parameters (numbers and areas); nuclear area was measured in the DAPI channel, whereas the total
nucleolar area and the number of nucleoli per nucleus were measured in the fibrillarin channel. The
mean pixel intensities of fibrillarin, nucleolin, and p53 (referred to as “nuclear protein levels”) were
measured based on masking defined by the DAPI channel. In the SA–�-Gal activity assay, cells displaying
�5 fluorescent granules were considered positive.

Western blotting. Cell pellets were resuspended in lysis buffer (150 nM NaCl, 10 nM Tris-HCl, pH 7.4,
1 nM EDTA, 1 nM EGTA, 0.5% IGEPAL) and instantaneously frozen in liquid nitrogen. Clarified lysates were
quantified for protein content by the Lowry method (DC protein assay; Bio-Rad, CA). Amounts of 20 �g
of total extract (except for the detection of cleaved caspase-3, for which we used 40 �g of total extract)
were loaded in SDS-PAGE gels and transferred into nitrocellulose membranes for Western blot analysis.
Membranes were blocked with TBS-T containing 5% low-fat milk for 1 h at room temperature. Primary
antibodies were diluted in TBS-T containing 2% low-fat milk as follows: mouse anti-NOL12 Ab (sc-
374257), 1:1,000; rabbit anti-p53 Ab (sc-6243), 1:1,500; mouse anti-p21 Ab (sc-6246), 1:1,000; mouse
anti-cyclin B1 Ab (#4135; Cell Signaling Technology, MA), 1:1,500; rabbit anti-RPL11 Ab (ab79352; Abcam),
1:10,00; rabbit antinucleolin Ab (sc-13057), 1:3,000; rabbit anti-cleaved caspase-3 Ab (#9661; Cell Signal-
ing Technology, MA), 1:1,000; mouse antifibrillarin Ab (ab4566), 1:1,000; rabbit anti-XRN2 Ab (A301-
103A-T; Bethyl Laboratories, Montgomery, TX), 1:1,000; mouse anti-�-tubulin Ab (Sigma-Aldrich, CA),
1:100,000; and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Ab (Protein Tech
Group, Inc., IL), 1:30,000. Horseradish peroxidase (HRP)-conjugated goat anti-mouse and anti-rabbit
antibodies (sc-2005 and sc-2004, respectively; Santa Cruz Biotechnology, CA) were used at a dilution of
1:3,000 in TBS-T containing 2% low-fat milk. Signals were detected using Clarity Western ECL substrate
reagent (Bio-Rad) according to the manufacturer’s instructions. A GS-800 calibrated densitometer
(Bio-Rad Laboratories, CA) was used for quantitative analysis of protein levels.

Phase-contrast live-cell imaging. Fibroblasts were cultured in glass-bottom 35-mm �-dishes (Ibidi
GmbH, Germany) coated with 50 �g/ml fibronectin (Sigma-Aldrich, MO) and transfected with siRNAs. At
24 h posttransfection, cell cultures were imaged on a Zeiss Axiovert 200 M inverted microscope (Carl
Zeiss, Germany) equipped with a CoolSnap camera (Photometrics, Tucson, AZ), xy motorized stage, and
NanoPiezo z stage under controlled temperature, atmosphere, and humidity. Neighbor fields (20–25)
were imaged every 2.5 min for 42 h, using a 20�/0.3-NA A-Plan objective. Stitching of neighboring fields
was done using the plug-in Stitch Grid (Stephan Preibisch) from ImageJ/Fiji software. The time between
two consecutive mitoses (referred to as “cell cycle duration”) was manually quantified using ImageJ/Fiji
software.

Flow cytometry. Cells were trypsinized, washed twice in cold PBS, and fixed in 70% ethanol at �20°C
overnight. Cells were washed twice in cold PBS and then incubated at 37°C for 6 h in propidium iodide
(20 �g/ml)–RNase (40 �g/ml) solution. Finally, cells were filtrated into a fluorescence-activated cell
sorting (FACS) tube. Data were recorded using the FACSCanto II and analyzed with FlowJo software using
the Watson pragmatic algorithm to generate the cell cycle profiles.

Transmission electron microscopy. Cells were fixed with 2.5% glutaraldehyde (Electron Microscopy
Sciences, Hatfield, PA) and 2% paraformaldehyde (Merck, Darmstadt, Germany) in 0.1 M cacodylate buffer
(pH 7.4), dehydrated, and embedded in Epon resin (TAAB, Aldermaston, Berkshire, England). Ultrathin
sections (40 to 60 nm) were prepared on an RMC ultramicrotome (PowerTome, USA) using diamond
knives (DDK, Wilmington, DE). The sections were mounted on 200-mesh copper or nickel grids, stained
with uranyl acetate and lead citrate for 15 min each, and examined under a JEOL JEM 1400 TEM (Tokyo,
Japan). Images were digitally recorded using an Orious 1100W charge-coupled device (CCD) digital
camera (Tokyo, Japan).

qRT-PCR. Total RNA was isolated from cultured cells using the RNeasy minikit (Qiagen) according to
the manufacturer’s instructions. An amount of 1 �g of RNA was reverse transcribed (RT) using the
SuperScript III first-strand synthesis supermix for reverse transcription-quantitative PCR (qRT-PCR) (Invit-
rogen). Quantitative real-time PCR analysis was performed in duplicate in 20-�l reaction mixtures
containing iQ SYBR green supermix (Bio-Rad), each gene-specific primer at 125 nM (100 nM for the G6PD
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primer), and 1 �l of cDNA template previously diluted at 1:5. Cycling conditions in the iCycler iQ5
(Bio-Rad Laboratories) were 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 15 s,
annealing at 60°C for 20 s, and a final extension step at 55°C for 10 s. The cycle threshold (2�ΔΔCT) method
was used to quantify the transcript levels of NOL12, CDKN1A, MMP1, CXCL8, and TSPAN13 against the
transcript levels of the housekeeping genes TBP and G6PD. Primers were designed to span at least one
exon-intron junction (Table S3). Data were analyzed using Bio-Rad iQ5 standard edition (Bio-Rad
Laboratories).

Lentiviral plasmids. NOL12 was amplified from pENTR223.1-NOL12 (clone OCABo5050F031D; Im-
aGenes) as a BamHI-NOL12-NotI fragment by using the following primers: 5=-CGGGATCCATGGGCCGCA
ACAAGAAG-3= and 5=-ATAAGAATGCGGCCGCTCACTCCCCGCTGTGC-3=, forward and reverse, respectively.
This BamHI-NOL12-NotI fragment was cloned into pLVX–Tight-Puro (Clontech, CA) digested with BamHI
and NotI to generate pLVX–Tight-Puro-NOL12.

Lentiviral production and infection. Lentiviruses were produced according to the protocol de-
scribed for the Lenti-X Tet-On advanced inducible expression system (Clontech). Lentiviruses carrying
pLVX–Tight-Puro–NOL12 and lentiviruses carrying pLVX–Tet-On advanced (which expresses reverse
tetracycline-controlled transactivator [rtTA]) were generated in HEK293T helper cells transfected with
packaging plasmids (pMd2.G and psPAX2) using Lipofectamine 2000 (Life Technologies, Thermo Scien-
tific, CA). Human fibroblasts were coinfected for 12 to 16 h with responsive and trans-activator lentivi-
ruses at a 2:1 ratio in the presence of 8 �g/ml Polybrene (AL-118; Sigma-Aldrich, MO). A concentration
of 375 ng/ml doxycycline (stock keeping unit [SKU] number D9891; Sigma-Aldrich, MO) was added for
1 day to induce cotransduction and washed out for 2 days. This cyclic induction scheme was repeated
7 times before phenotype quantitative analysis. Western blot analysis was used to monitor the efficiency
of transduction.

Statistical analysis. P values were obtained using Prism version 7.00 (GraphPad, San Diego, CA). Data
were tested for parametric versus nonparametric distribution using the D’Agostino and Pearson omnibus
normality test. The Mann-Whitney, paired t, Kruskal-Wallis, or two-tailed �2 test or one-way analysis of
variance (ANOVA) was then applied according to the experiment.
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