











Figure 6: The box C/D snoRNAs U3 and U8 are required for in vitro and in vivo tumorigenesis. (A) Soft-agar colony
formation assay. H1944 and MCF-7 cells depleted of U3 or U8 for 3 days, and cells treated with a non-targeting control silencer (SCR),
were layered on soft-agarose and incubated for 4-weeks, the colonies were stained with crystal blue and counted. Each data point represents
a mean value of three independent experiments with SD. (B-E) Nude mouse xenograft experiment. Twelve nude mice were injected
symmetrically in the upper body flanks with, on the right side of the animal, 5 million H1944 cells depleted of U3 or U8 for 3 days and, on
the left side, 5 million H1944 cells treated with the non-targeting silencer control. (B) Percentages of mice bearing a tumor as monitored
over a period of 64 days. The data show a one-month lag in tumor formation after injection of U3-suppressed cells, and no tumor formation
after injection of U8-suppressed cells. (C) Tumor size estimated by caliper measurement. The data show that the tumors developed from
U3-suppressed cells are substantially smaller and that no tumors developed from US8-suppressed cells. (D) One representative mouse (day
64) is shown for U3 depletion and one for U8 depletion. Large tumors are visible only in the flanks injected with control cancer cells (left
side of the animals, white arrows). Left, digital photographic recording. Right, PET-CT tomograms. For simplicity, the 'SF-FDG signals
for the heart and bladder are not shown. The scale depicts the SUV (standard uptake values, see Materials and Methods) expressed in Bg/
ml. Insets show resected tumors. Scale bar, 10 mm. (E) Tumor metabolic volume, tumor metabolic activity, and tumor heterogeneity were
extracted and computed from the tomograms, according to refs [53, 75]. Tumor metabolic volume, tumor metabolic activity (through
SUV peak), and tumor heterogeneity (through CSH-AUC) were compared between the U3-suppressed group and the control (scrambled
depletion) group by means of an unpaired two-tailed 7 test, assuming equal variance between groups. The results, reported as p-values, were
considered significant at p < 0.05. (*p < 0.05; **p <0.01).
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by the proteasome. Its accumulation triggers expression of
pro-apoptotic genes leading to cell death. In keeping with
this model, we show that the effect of snoRNA depletion on
the steady-state level of pS3 depends strictly on the presence
of uL5 and uL 18 (Figure 3). In the case of U8 depletion, the
nucleolar stress response is particularly pronounced, with
up to a 25-fold increase in the p53 level (Figure 3). This
dramatic response likely explains why U8 depletion almost
totally abolishes the in vitro tumorigenicity of cancer cells
and why our cohort of mice injected with U8-suppressed
cancer cells failed to develop any tumor.

Interestingly, we find that U8 depletion, in striking
contrast to U3 depletion, diminishes the amounts of uL.5
and uL 18 (Figure 3). As discussed above, uL5 and ulL.18
form with the 5S rRNA the 5S RNP, which constitutes
the central protuberance (CP), a prominent landmark on
mature 60S subunits [58]. Final integration of the CP
into 60S subunit precursors is a late assembly event in
the pathway of large subunit maturation ([59, 60]). U8 is
active in late pre-rRNA processing steps required for the
synthesis of the large subunit, in contrast to U3, involved
in early processing reactions important in small subunit
biogenesis (Figures 1-2). We note that the intracellular
pool of 5S rRNA is reduced after U8 depletion, but not
after U3 depletion (Figure 1). We speculate that this may
explain why U8 is required for normal uL5 and uL18
accumulation. We also find that uL5 and uL18 are required
for each other’s metabolic stability (Figure 3). We suggest
that this also reflects the presence of uLL5 and uL 18 within
a trimeric 5S RNP.

The nucleolus is a powerful indicator of the health
status of a cell [61]. Accordingly, cancer cells frequently
display more numerous, larger, and deformed nucleoli. We
have made two significant observations regarding overall
nucleolar structure in U3- and U8-depleted cancer cells.
Firstly, after U8 or p53 depletion, we find the nucleoli of
H1944 lung cancer cells to be more prone to disruption than
those of MCF-7 breast cancer cells (Figure 5). Importantly,
as pS53 was stabilized in both the H1944 and MCF-7 cell
lines, this shows that activation of nucleolar stress does not
rely on gross alteration of nucleolar structure. Secondly,
we find the nucleoli of U3-depleted H1944 cells and those
of U3- or U8-depleted MCF-7 cells to be larger and less
numerous (Figure 5). Typically, this is the consequence
of nucleolar fusion, which has been linked, strikingly, to
cell senescence and tumorigenesis in a three-dimensional
mammary epithelial cell culture model that recapitulates the
ecarly stages of breast cancer [62]. Directly relevant to our
interpretation of nucleolar fusion as a sign of cell senescence
is the recent observation that the 5S RNP-mediated
nucleolar stress response can act as a senescence inducer
under conditions of oncogenic or replicative stress [63].

In agreement with reduced ribosome biogenesis,
tumors derived from U3-suppressed cells display a
markedly reduced tumor metabolic volume and reduced
metabolic activity (Figure 6). Remarkably, these tumors
also show increased heterogeneity in the uptake of the FDG

metabolic tracer, indicating distinct growth properties. In
addition to their functions in ribosome biogenesis, sSnoRNAs
and stable fragments derived from them have recently been
attributed non-conventional functions that may be relevant
to their involvement in tumorigenesis. SNORDS0A and
SNORDS0B, for example, have been shown to bind directly
to K-Ras, inhibiting its function [41]. SnoRNA-derived
RNAs (sdRNAs) have been attributed regulatory functions
as interfering antisense RNAs in alternative splicing
regulation [64], mRNA translation repression, and mRNA
turnover ([65, 66], discussed in [67—-69]). While no such
functions have been directly attributed to U3 or U8 thus far,
their high abundance and metabolic stability in cells suggest
that they may exert such non-conventional functions. We
speculate that the increased tumor heterogeneity observed
after U3 depletion might reflect the loss of such functions.
Our model is supported by the recent observation that
multiple sdRNAs are produced from both U3 and U8 in
prostate cancer [70].

In a recent study, Su et al. showed that the
tumorigenicity of cancer cells can be reduced in vitro
and in vivo after depletion of proteins important for the
metabolic stability of all box C/D snoRNAs, and that this
involves p53-dependent cell cycle arrest [30]. Our results
on U3 and U8 are fully compatible with theirs and also
extend them considerably. By targeting for depletion either
a protein shared by all box C/D snoRNPs (such as the
methyltransferase fibrillarin) or an assembly factor required
for their packaging into functional ribonucleoprotein
complexes, Su ef al. eliminated without distinction an
entire family of several hundred small nucleolar RNAs
[30]. This made it impossible to distinguish whether the
observed effects on tumorigenicity (and p53 nucleolar
stress activation) were due to loss of the myriad snoRNAs
involved in pre-rRNA 2'-O methylation, to loss of snoRNAs
involved in pre-rRNA processing (such as U3 or U8), or
to both. Furthermore, as these authors did not address
effects on nucleolar structure or on any other aspect of
ribosome biogenesis (such as pre-rRNA processing or 2'-O
methylation), the molecular basis of their findings remains
unclear. In the present study, in contrast, we have chosen
to deplete cells of a single snoRNA family member, either
U3 or U8. We can thus conclude beyond a doubt that the
effects we observe are due to severe inhibition of pre-rRNA
processing events and to impairment of ribosomal subunit
production.

Hyperactive ribosomal biogenesis is a common
feature of cancer cells, which appear more sensitive than
non-cancerous cells to inhibition of ribosome synthesis
[71, 72]. Previous work has focused mainly on the synthesis
of ribosomal RNAs [71, 72]. We have targeted, instead, a
post-transcriptional step: pre-TRNA processing. We find
that using an antisense silencer to deplete cells of a single
small non-coding RNA molecule (U3 or U8) is sufficient
to block ribosome biogenesis and to elicit a potent p53-
dependent anti-tumor surveillance response. This has
important implications in cancer research, as tumors are
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well known to depend on their ability to reinforce their
ribosome synthesis capacity to ensure rapid cell division.
Preventing this reinforcement by inhibiting pre-rRNA
processing might thus be a good way to impair tumor
development. As discussed above, several r-proteins are
well known to play an important role in regulating the
p53 steady-state level. In a recent work, each of the eighty
human ribosomal proteins was depleted, one by one, and
tested for its exact involvement in pS3 homeostasis [48].
Depletion of the strongest contributors led to a 5- to 10-fold
increase in the steady state accumulation of p53 [48]. By
comparison, depletion of U3 or U8 leads to 15- to 25-fold
p53 stabilization. This is a considerable p53 increase, which
makes us confident that silencing a single snoRNA essential
to pre-rRNA processing is an avenue well worth exploring
with a view to developing novel anticancer strategies.

MATERIALS AND METHODS

Cell culture and growth curves

Human cells were grown at 37°C under 5% CO,
Growth curves were determined by direct cell counting
with a Scepter (EMD Millipore, Billerica, MA, USA).
All cell lines used in this work (Table S1) were obtained
directly from ATCC and passaged in the laboratory for
fewer than 6 months after receipt. All cell lines were
diagnosed by short tandem repeat (STR) profiling by
ATCC. For NCI-H1944 (CRL-5907), the cell lot number
was 61487231; for MCF7 (HTB-22) it was 61235352.

Cell viability assays

Cell viability assays were carried out with a Muse
cell analyzer (EMD Millipore) and a cell count and
viability assay kit (Millipore, MCH100102), according to
the manufacturer’s instructions.

Cell cycle and apoptosis analysis

DNA content (cell cycle), and annexin V/7-AAD
expression (apoptosis) were established with a Muse
cell analyzer (EMD Millipore) and dedicated kits (EMD
Millipore, MCH100106 and MCH100105).

Gene expression perturbation methods

Human cells were reverse transfected as follows:
40 uM ASO (Integrated DNA Technologies, Coralville, IA,
USA) or 20 puM Silencer select® siRNA (Thermo Fisher
Scientific, Waltham, MA, USA) and 4 pL of Lipofectamine
RNAIMAX (Thermo Fisher Scientific) were mixed with
500 pL Opti-MEM (Thermo Fisher Scientific) in each
well of a 6-well plate. After a 20-minute incubation at
room temperature (RT), 3 x 10° cells resuspended in
2.5 mL antibiotic-free medium were seeded into each
well. Inactivation was carried out for the desired time. In

the immunofluorescence experiments, depletions were
performed in 96-well plates (Porvair Sciences, Leatherhead,
UK). A transfection reagent mix (0.125 pl Interferin
(Polyplus-transfection, Illkirch, France) and 20 pl Optimem
(Thermo Fisher Scientific)) was added to each plate well
and left to set for 10 min at RT. A specific ASO (10 pl of
a 200 nM stock) or siRNA (10 pl of a 100 nM stock) was
added to the mix and left to set for another 30 min at RT.
Cells (70 pl of a suspension containing 200,000 cells/ml)
were added to each well and the plates incubated for
2 days. All ASOs and siRNAs used in this study are listed in
Tables S2 and S3. The efficiency of snoRNA depletion was
validated by RT-qPCR as described in ref. [73], except that
we used amplicons for human U6 snRNA as an endogenous
control. The sequences of the primers used are listed in
Table S4. Data were analyzed with the StepOne software
(v 2.1) (Thermo Fisher Scientific) and the comparative
threshold cycle (CT) method (“Livak” method) was used
for quantification.

Protein biochemistry

Total protein extraction and Western blotting were
performed exactly as described in ref. [73]. The antibodies
used in this study are listed in Table S5.

Polysome profile analysis

Polysome profile analysis was performed as
described in ref. [73].

Pre-rRNA processing analysis

Total RNA  extraction, quantification, gel
electrophoresis, Northern blotting, and RNA quantification
were performed as described in ref. [73]. The probes used
are described in Table S4.

Immunofluorescence analysis

After 2 days of ASO-mediated depletion, cells were
fixed in 4% formaldehyde, washed in PBS, and blocked
in PBS supplemented with 5% BSA, 0.3% Triton X-100
for 1 hour at RT. The cells were incubated with a primary
antibody overnight at 4°C, washed in PBS, and incubated
with a secondary antibody coupled to Alexa Fluor 594
(Thermo Fisher Scientific, 1:1,000) for 1 hour at RT. The
primary antibody used was either an anti-FBL (Antibodies
online, Atlanta, GA, USA, ABIN361375, 1:250) or an
anti-PES1 (Ascension GmbH, 1:500). Finally, the cells
were stained with DAPI (Sigma-Aldrich). Imaging was
performed on an Axio Observer Z1 (Zeiss, Oberkochen,
Germany) driven by MetaMorph (MDS Analytical
Technologies, Sunnyvale, CA, USA). Images were
captured in confocal mode using a Yokogawa (Musashino,
Japan) spinning disk head and the Coolsnap HQ2 camera
with laser lines from Roper (Sarasota, FL, USA) (405 nm
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100 mW Vortran and 561 nm 50 mW Cobolt Jive) and a
Zeiss EC Plan-NeoFluar 40x/0,75 Ph2 objective.

In vitro tumorigenesis assay

Colony formation assays were performed exactly as
previously described [34].

In vivo xenograft model

All animal studies were performed in compliance
with the European Ethics Committee guidelines. The study
protocol was approved by the local Experimental Animal
Ethics Committee of the BUC-CMMI, ref. CMMI-2013-
05. In practice, twenty-four 6—8-week-old female nude
mice were injected subcutaneously in the upper left flank
with 5 million H1944 human non-small cell lung carcinoma
cells transfected with a negative non-targeting control ASO
(SCR), and in the upper right flank with the same number of
cells depleted of U3 (12 mice) or U8 (12 mice) for 3 days.
During the intervention, the mice were anesthetized under
gaseous anesthesia (4% isoflurane evaporated by an O, flow
at 31/min for induction and 1.5-2% isoflurane evaporated
by an O, flow at 1.5-2l/min for maintenance). The mice
were weighed once a week before PET-CT imaging. Tumor
size was monitored once a week by palpation followed by
caliper measurement.

BF-FDG PET-CT imaging and image processing
for quantitative analysis

PET-CT imaging of the "F-FDG signal was
performed to assess the metabolic activity of the tumor
mass. Mice were imaged after 8, 15, 22, 29, 58, and
65 days after injection of the tumor cells. The day before
imaging, the mice were fasted overnight. They were injected
intravenously (lateral tail vein) with 3.9 MBq to 5.5 MBq
of ¥F-FDG synthesized at the PET/Biomedical Cyclotron
Unit of the Nuclear Medicine Department at ULB-Hopital
Erasme and kept under 2.5%-isoflurane anesthesia for
10 minutes post-injection to limit tracer uptake within
skeletal muscles and brown adipose tissue ([74]). PET
imaging was performed 60 min after *F-FDG injection
for 15 min under isoflurane anesthesia; this was done with
a WPET-pCT scanner (nanoPET-CT, Mediso, Budapest,
Hungary) in 3-to-1 coincidence mode. PET acquisition
was followed by CT acquisition (55 kV, 145 pA, 1100 ms
per projection, 180 projections per rotation, pitch of 1, a
frame binning of 4 by 4, and a cubic reconstructed voxel
size of 284 um). All PET images were also corrected for
random counts, dead time, and decay. The PET acquisitions
were reconstructed by means of a fully 3-dimensional
iterative OSEM reconstruction algorithm (4 iterations,
6 subsets, intermediate regularization setting, median
filtering period defined from iteration counts). CT images
were used to obtain attenuation-corrected and scatter-
corrected PET images. PET-CT analyses were performed

with Vivoquantl.23 (inviCRO, Boston, USA). A three-
dimensional region of interest (ROI) was drawn on the CT-
based tumor mass and used as input to define a PET-based
ROI corresponding to the metabolic activity volume of the
tumor. Segmentation of this PET-based ROI was performed
using a thresholding method, with a threshold set at 30%
of the maximum activity value within the tumor ROI. The
PET was then smoothed with a 3D Gaussian filter with a full
width at tenth maximum (FWTM) of 1.2 mm, corresponding
roughly to 3 voxels, to reduce noise bias. Maximum activity
within the smoothed PET-based tumor ROI was expressed
in Bg/mL and was subsequently divided by the ratio of A
(decay-corrected injected activity at the start of the PET
acquisition, in Bq) to animal weight (in g). This normalized
maximum value is called Peak Standard Uptake Value, or
SUVpeak, by analogy to hospital practice. The heterogeneity
of tracer uptake was quantified with a metric derived from
cumulative SUV-volume histograms (CSHs) [75]. The
CSHs are obtained by plotting the percent volume of the
delineated tumor with a SUV above a certain threshold, for
thresholds ranging from 0 to 100% of SUVpeak. The area
under the CSH curve (AUC) is then computed and used as
a quantitative index of tracer uptake heterogeneity (lower
values correspond to higher heterogeneity) [53].
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