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Abstract

Ribosomopathies are a family of inherited disorders caused by mutations in genes neces-
sary for ribosomal function. Shwachman-Diamond Bodian Syndrome (SDS) is an autoso-
mal recessive disease caused, in most patients, by mutations of the SBDS gene. SBDS is
a protein required for the maturation of 60S ribosomes. SDS patients present exocrine
pancreatic insufficiency, neutropenia, chronic infections, and skeletal abnormalities.
Later in life, patients are prone to myelodisplastic syndrome and acute myeloid leukemia
(AML). Itis unknown why patients develop AML and which cellular alterations are directly
due to the loss of the SBDS protein. Here we derived mouse embryonic fibroblast lines
from an Sbds" 2671267 mouse model. After their immortalization, we reconstituted them
by adding wild type Sbds. We then performed a comprehensive analysis of cellular func-
tions including colony formation, translational and transcriptional RNA-seq, stress and
drug sensitivity. We show that: 1. Mutant Sbds causes a reduction in cellular clonogenic
capability and oncogene-induced transformation. 2. Mutant Sbds causes a marked
increase in immature 60S subunits, limited impact on mRNA specific initiation of transla-
tion, but reduced global protein synthesis capability. 3. Chronic loss of SBDS activity
leads to a rewiring of gene expression with reduced ribosomal capability, but increased
lysosomal and catabolic activity. 4. Consistently with the gene signature, we found that
SBDS loss causes a reduction in ATP and lactate levels, and increased susceptibility to
DNA damage. Combining our data, we conclude that a cell-specific fragile phenotype
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occurs when SBDS protein drops below a threshold level, and propose a new interpreta-
tion of the disease.

Author Summary

Shwachman Diamond syndrome (SDS) is an inherited disease. SDS presents, as hall-
marks, exocrine pancreatic insufficiency, increased rate of infections, and higher inci-
dence of leukemia. Most cases are due to mutations in the SBDS gene. SBDS encodes for a
ribosome maturation factor. In this study, we immortalized mouse fibroblasts carrying
one of the most common mutation of SDS patients and performed a thorough analysis of
their properties. We show that the loss of SBDS activity causes a rewiring of gene expres-
sion and cellular metabolism. Overall we find a reduction of protein synthesis capability, a
lower energy status, and increased lysosomal capability. SBDS mutant cells have an
increased susceptibility to various forms of stress, but are strikingly resistant to oncogene-
induced transformation. We propose a model that explains the complex phenotype of
SDS patients and suggests roads for a rationale treatment.

Introduction

Ribosomopathies are inherited diseases due to the haploinsufficiency of ribosomal proteins or
ribosome processing factors [1, 2]. Patients affected by ribosomopathies present multiorgan
phenotypes [2]. Some relatively common features are bone marrow and skeletal deficits, and
cancer predisposition [3, 4]. At the cellular level, ribosomal haploinsufficiency may cause the
induction of tumor suppressor p53 [2, 5]. Consequently, in some models the depletion of p53
reduces the deleterious effects of ribosomal haploinsufficiency [6-9] leading to the hypothesis
that abnormal p53 is the pathogenic culprit. However, this is not true for all cases [10, 11].

Shwachman-Diamond Syndrome (SDS) is a recessive ribosomopathy affecting 1 in 76,000
births. SDS is a multisystem disorder presenting in the first year of life and characterized by
the hallmark of exocrine pancreatic dysfunction. Another common symptom is the suscepti-
bility to chronic infections accompanied by neutropenia [12, 13]. With variable penetrance,
patients affected by SDS may have low stature, skeletal defects and cognitive impairment [14,
15]. Finally, high risk of acute myeloid leukemia (AML) is associated with older patients [16].
Loss-of-function mutations in the SBDS gene have been identified as the cause of the disease
[17].

Several studies addressed the function of SBDS protein in mammals and of its yeast homo-
log. A concise survey will be presented. SBDS has a role in the maturation of 60S ribosomal
subunits. Deletion of the yeast homolog sdol is quasi-lethal, leading to pre-60S nuclear export
defects. Importantly, point mutations of tif6, a gene necessary for 60S biogenesis [18], revert
the quasi-lethal phenotype [19]. These and other studies, have led to a general model in which
SBDS is necessary for the maturation of 60S subunits, in order to remove elF6 (mammalian
Tif6) from mature 60S subunits [20-22]. Since eIF6 controls 60S availability [23] and full
translational activation [24, 25], manipulation of the binding of eIF6 to the 60S may be critical
for restoring SBDS-mutant cells. A recent report suggested that SBDS contributes to the effi-
cient translation of C/EBPa and C/EBP-$ mRNAs, uORF-containing mRNAs that are, among
others, indispensable regulators of granulocytic differentiation [26]. A general analysis of
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translated mRNAs depending from SBDS is still lacking. We do not know in detail whether
other steps of 60S maturation beside eIF6 release are affected.

Several studies have attempted to pinpoint other functions of the SBDS protein, in the obvi-
ous effort to explain the multiorgan phenotype of patients. At the cellular level, several pheno-
types associated to SBDS loss have been described. These phenotypes have been largely
observed either in primary cells from patients, or upon shRNA experiments in cell lines.
Increased apoptosis driven by FAS was seen in HeLa upon SBDS shRNA [27], and increased
ROS production [28]. Increased apoptosis was also seen in SBDS-depleted HEK293 cells upon
DNA and chemically induced endoplasmic reticulum stress [29], and in hemopoietic cells
[30]. SBDS association with mitotic spindle has been proposed [31] and the lack of SBDS has
been associated with genetic instability [32]. In general, reduced clonogenic potential is
observed in hematopoietic precursors upon SBDS depletion [9, 33]. Reduced respiratory capa-
bility has been observed in mammalian and yeast cells lacking SBDS or its homolog, Sdolp
[34, 35]. Overall, it is unclear whether the cellular phenotypes ascribed to the loss of SBDS
activity are direct or indirect, general or cell-specific, and have a relationship with protein
synthesis.

Recently, a mouse strain in which one of the most frequent missense mutation found in
SDS patients is modeled, R126T, has been produced [36]. This mouse model reproduces the
clinical symptoms of SDS patients. We exploited the availability of this model to address the
cell autonomous effects due to hypomorphic SBDS alleles. We have derived from these mice
embryonic fibroblast cell lines, we have reconstituted control MEFs with wild type SBDS and
then performed a full characterization of their properties. We addressed in SBDS mutant cells
their predisposition to oncogenic transformation, changes in eIF6 binding, transcriptional and
translational changes, metabolic parameters, and sensitivity to drugs and stresses. We unveiled
several features due to the loss of SBDS. We provide a pathogenic model of SBDS deficiency
that focuses on a diminished anabolic and energetic status of Sbds mutant cells due to reduced
protein synthesis, which may be useful to design rational therapeutic ameliorative strategies.

Results
Sbds mutant cells are resistant to oncogene induced transformation

Swhachman-Diamond (SDS) patients have an higher incidence of blood tumors, mainly acute
myeloid leukemia (AML) [37]. This observation raises the question whether SBDS mutant
cells are intrinsically susceptible to oncogene-mediated transformation. SBDS point mutation
R126T corresponds to a common mutation found in SDS patients (c.377G>C) and it has been
modeled in mice [36]. We immortalized R126T mouse embryonic fibroblasts (MEFs), together
with their matched wild type controls, and we evaluated their capability to form colonies. Two
strategies can be employed for immortalization of MEFs, a) sequential subcloning [38] or b)
immortalization and transformation with oncogenes and tumor suppressor inhibitors [39]. By
sequential subcloning, we were unable to derive Sbds"'?°"/®126T MEFs due to early senescence
(Fig 1A), whereas we normally derived wt cells. This result is in line with a recent work
describing early senescence in the pancreas of SBDS mutants [8]. In contrast, immortalization
of ShdsR'2¢T/RI26T MEFs by infection with a vector carrying the dominant negative p53 and Ras
G12V was successful (Fig 1A; S1A and S1B Fig). The growth of immortalized Sbds®'?*"/*!2¢T
MEFs was virtually identical to the one of wt cells (S1C Fig). Transformation of immortalized
cells is induced by long-term growth at confluency. Next, we analyzed the capability of immor-
talized Shds®'?5"®26T MEF cells to form transformed colonies respect to wild type cells, upon
long term culture at 100% confluency. We observed that Sbds"'>*""*!?T MEFs formed less foci
respect to the wild type cells (Fig 1B and 1C). We then plated wt MEFs and Shds®'267/R126T
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Fig 1. Cells with Sbds""267R126T jmytation show facilitated senescence, have reduced clonogenic
potential, are refractory to oncogene induced transformation and generate tumor cells with poor
growth in vivo. (A) Scheme of the strategy for immortalization from E12.5 MEFs from Sbds™ 26771267 o wild
type mice and summary data relative to Sbds™72677267 cells. (B-C) Generation of immortalized colonies by
infection of E12.5 MEFs at early passages with a retrovirus carrying DNp53 + H-ras"'2. Sbds/7267F126T haye
low clonogenic potential. n = 3 per genotype). (B) representaive plates; (C) quantitation (D-E) Soft agar assay
for transformed cells unveils that some Sbds” 2677267 transformants grow as well as wt (D), but overall they
produce less colonies (E). Scale bar 25 ym. (F) /n vivo tumor growth underscores an unexpected incapability
of Sbds7"267/R126T yransformants to propagate tumors in mice. Kaplan-Meier curves of CD1 nude mice
subcutaneously injected with Sbds™7267F726T and wild type MEFs (n = 7 per genotype): death time point is
defined at 400mm? tumor volume, when mice were euthanized. Number of colonies expressed as mean # s.d.
Statistic applied for (B-E) was t-test, paired, two-tailed (*P value<0.05, ***P<0.001). Log-rank (Mantel-Cox)
Test (***P<0.0001) was applied to (F).

doi:10.1371/journal.pgen.1006552.9001

MEFs in soft agar, another indicator of transformation efficiency, to test their capability to
grow in anchorage independent condition. We found that surviving clones of Sbds"'?*"/*!2¢"
MEFs grew as well as wt cells (Fig 1D), but their overall number was lower than the one of wt
MEFs (Fig 1E). In order to evaluate the capability of these transformed colonies to induce
tumor in vivo, we injected 500.000 transformed cells in nude mice and monitored tumor mass
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growth. Surprisingly and strikingly (Fig 1F), formally transformed Sbds®'2°7/R12°T cells were
inefficient (n = 1) or unable (n = 6) to grow in vivo respect to the wild type cells. We demon-
strate that SBDS deficiency induces in a cell-autonomous fashion a growth and clonogenic def-
icit that can be unveiled when cells are challenged by environmental conditions.

The primary effect of Sbds hypomorphism is an impairment in translation
capability due to less mature 60S subunits

We established a further model for studying SBDS function by generating, from immortalized
Shds"'26TR126T MEFs, new clones retransduced with either wild type Sbds (Sbds***“"F) or
mock control (Sbds™°X) vectors (S1D Fig). By comparing parental Shds"'¢"/R126T
their wild type counterparts, and the Sbds™““X with the Sbds***“"* clones, we can discrimi-
nate direct events due to SBDS lack from indirect effects. We describe the most important
observations and discuss later a model that explains the pathogenic effect of SBDS deficiency.
Since SBDS deficiency leads to a ribosomal defect [19], we performed a complete analysis of
translation. Polysomal profiles can be used to analyze defects in initiation as well as in ribo-
some maturation. We observed, in line with previous reports [20], a strong unbalance in 60S
and 80S peaks in Sbds"'?*"/*126T MEFs respect to the wild type cells (Fig 2A). Sbds***VF cells

showed a complete rescue of the profile (Fig 2B), confirming a direct action of SBDS on ribo-

clones to

some maturation, and validating our model for discriminating direct versus clonal or indirect
effects. We analyzed rRNA precursors with a pulse-chase assay by monitoring the incorpo-
ration of 5,6 *H-uridine in the nascent ribosomal RNA (S2A Fig). We did not observe differ-
ences in rRNA maturation associated with the SBDS mutation, a result consistent with the
idea that only the late maturation of 60S is affected by SBDS deficiency. The nucleolus is the
nuclear compartment where both ribosome biogenesis and early maturation occur. A defect in
ribosomal export can be assessed by measuring the number and the size of nucleoli. We did
not observe differences in the number of nucleoli between Sbds*'?*7®2°T and wild type cells
(Fig 2C) or in SbdsMOK and SbdsFESCUE cells (Fig 2D). In addition, we did not observe differ-
ences in co-localization of SBDS and nucleolar marker nucleophosmin (NPM) between
Sbds®126TRIZ6T and wild type cells (Fig 2E and 2F). eIF6 nucleolar localization was relatively
similar in SbdsR20TR126T qnd wild type cells (S2B Fig).

eIF6 binds 60S subunits, blocking 80S formation and increasing free 60S peak [24]. It has
been proposed that SBDS deficiency blocks eIF6 release [20]. This model is consistent with the
accumulation of free 60S that we observed (Fig 2A). We recently developed a Ribosomes Inter-
action Assay (Fig 2G), able to quantify eIF6 binding sites on the 60S [40]. We immobilized
equal ribosomes from Shds®'?7/R126T and wild type cells, and measured eIF6 binding sites. We
found a 25% reduction in eIF6 binding sites on the ribosomes of Sbds®'?7*12T  compared to
wild type cells (Fig 2H). Thus, we conclude that SBDS deficiency leads to a late maturation def-
icit of 60S consistent with the generation of a reduced pool of functional 60S subunits. It is
worth to note that 60S peak increases at least 2-fold (Fig 2A and 2B), whereas eIF6 binding
sites drop only 25% (Fig 2H).

We asked the consequences of the maturation deficit on translation. We developed a fully
reconstituted in vitro model, in which translation competent extracts are prepared from equal
amount of cells, normalized to the number of ribosomes and transduced with defined amounts
of exogenous mRNA. This experiment allows to measure the maximal translational capability
per cell/per ribosome. Ribosomal extracts from Shds"'**""*!?°" MEF showed around 70%
reduction in the translational capability of a cap-dependent reporter (Fig 3A). Cells rescued
with SBDS in vivo (Sbds"**“"F) recovered their translational capability (Fig 3B). Importantly,
adding wild type SBDS in vitro did not rescue the translational capability of extracts prepared
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Fig 2. SBDS deficiency reduces the maximal translational capability up to 70% due to a defect in 60S
maturation that is partly associated with a change in elF6—free 60S subunits. (A-B) Polysome profiles.
Sbdsf26T/R126T ge|ls show an increase in free 60S and lower 80S peaks on sucrose gradient compared to wt
(A). The phenotype is completely restored in Sbds"55CUE cells (B). Note, the increase of free 60S is two-fold.
Ass4 nm was measured after 15-50% sucrose gradient sedimentation. Representative experiment of n>5.
(C-D) Nucleoli analysis. Sbds"2677126T (C) and Sbds"°K cells (D) do not have differences in the number
of nucleoli respect to their control cell lines (wild type and Sbds?E5CUE), Distribution of cells containing less or
more of six nucleoli per nucleus in wild type, Sbds" 2671267 gpdsRESCUE and SbdsMOK cells was counted
with Volocity Sofwtare, by analyzing cells stained for the nucleolar marker nucleophosmin (NPM) (n>200,

n = number of nuclei analyzed per genotype). (E-F) SBDS and NPM localization. Confocal images wild type
and Sbds267/R126T ce|ls indicate a co-localization of SBDS and NPM proteins within the nucleolus, and a
cytoplasmic SBDS. There are no visible differences among all genotypes. Scale bar 25 pm (E) and 2 pm (F).
(G-H) Measurement of elF6 binding sites by iRIA technique shows that wt cells have 25% more free 60S as
detected by elF6 binding. (G) iRIA technique outline: Sbds™267R126T and wild type cellular extracts were
immobilized on a 96 well and biotinylated elF6 is added. This assay is able to detect the binding between elF6
and 60S. (H) Sbds™"26™R126T fiproblasts have less binding sites for elF6, respect to wild type cell line, i.e. 0.12
arbitrary units versus 0.16. Representative technical triplicate experiment of n>4 biological replicates.

doi:10.1371/journal.pgen.1006552.9g002

from Shds"'267/R126T MEFs (S2C Fig). This result indicates an overall translational impairment.
Next, we adapted the canonical SUnSET protocol to citofluorimetry analysis. We observed
both in Sbds®!27/RI126T MEFs respect to wild type (Fig 3C) and in Sbds"°“* MEFs compared
to Sbds"*“UF MEFs (Fig 3D) about 10% reduction in the number of cells incorporating
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doi:10.1371/journal.pgen.1006552.9003

medium to high levels of puromycin. Taken together, our results demonstrate that R126T
mutation leads to a strong reduction of the pool of 60S subunits competent for translation.

SBDS deficiency causes limited changes in the translation of specific
mMRNAs but leads to snoRNAs’ accumulation on immature 60S

An obvious question is whether the impaired maturation of 60S ribosomes, associated with a
reduced translational capability in Shds®'?*"/R126T cells, results in a qualitative difference of
translation. We decided to proceed with an RNASeq study on total RNA extracted from
sucrose gradient collected fractions. We studied 1) RNAs associated to polysomes, 2) RNAs
associated to the 80S and 3) steady-state mRNA levels (total RNA) (Fig 4). The isolated frac-
tions are shown in Fig 4A and 4B. The combination of these parameters allowed us to define
the overall translational and transcriptional status associated with Sbds®'2°7®26T muytation,
assuming that mRNAs differentially localized to either polysomes or 80S are controlled at
the translational level. We have decided to use this strategy over ribosome profiling because
a) altered 60S subunits may lead to abnormal RNA protection, b) the big change in the 80S
monosomal peak found in Sbhds®'?¢7/R126T cells is difficult to be normalized, and c) to effi-
ciently reach deepness of more than 2x10” reads. S1 File contains read counts of polysomes
and total RNAs. S2 File contains read counts of 80S. By comparing the polysomes of
SbdsRESCUE and SbdsMO°K, we identified 844 modulated genes (Fig 4C; S1 File), most of them
enriched in presence of mutant SBDS. However, when we estimated the translational effi-
ciency, i.e. bona fide polysomal enrichment, by normalizing each mRNA level on the poly-
some to the amount present on the total, we found only 74 mRNAs with a significant
modulation. Of these 74, 31 had less than 10 normalized read counts average expression, sug-
gesting that fluctuations of poorly expressed mRNAs may contribute to the observed effects.
The analysis of translation efficiency of Sbds®**“UF and Sbds™°“¥ confirmed that they do not
differ in qualitative translational regulation (Fig 4D). The analysis on RNAs enriched on 80S

subunits unveiled 250 genes modulated in 80S Sbds™?“X compared to 80S from Sbds**S<VE
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Fig 4. RNASeq of 80S and polysome associated RNAs shows that SBDS mutation causes limited
changes in mRNAs associated to polysomes, accumulation of ACA8 and ACA31 snoRNAs on
immature ribosomes. (A-B) Sucrose gradient separations for RNA extraction and RNAseq. In (A) RNA was
extracted from polysomes (fractions corresponding to polysomes were collected in one polysome fraction)
and from the whole gradient (100 pL from each fraction of the gradient were pulled in one total fraction). In (B)
RNA was extracted from 80S and total (not graphed). Colored rectangles correspond to extracted fractions.
(C-D) Translational analysis. Sbds"°K cells show 844 genes differently expressed genes on polysome
fraction, most of them upregulated respect to the Sbds™ECUE polysome fraction (C), but relative
normalization to total (D) indicates that there is not a consistent change in the specific translational efficiency
of individual mRNAs. (C) Volcano plot representing the differential expression analysis for polysome fraction.
Results obtained comparing Sbds"°“ versus Sbds™E5CUE conditions are reported for the pool of tested
genes as -Log10 false discovery rate / Log2 moderate fold change. Genes selected as significantly changed
(FDR < 5%, absolute Log2 fold-change value > 1) are shown in red. (D) Histogram showing the translational
efficiency, calculated as delta Log2 fold-change (Polysome/Total) between Sbds®* and Sbds™5CYE. The
normal distribution indicates that very few genes are specifically regulated in the polysomal fraction, once
calculated the Polysome/Total ratio. (E) Volcano plot representing the results of the differential expression
analysis for the 80S fraction. (F) Sequencing unveils accumulation on ribosomes of Sbds"C%K versus
Sbds"ESCUE of some snoRNAs.

doi:10.1371/journal.pgen.1006552.9004

cells (Fig 4E; S2 File). However, identical to what we observed in the polysomal fraction, also
in this case the mRNAs modulation on 80S followed the steady state levels (S3A and S3B Fig)
as well the polysomal. Taken together, the data suggest that SBDS loss induces a solid tran-
scriptional rewiring due to a general impairment of translation rather than specific transla-
tional regulation.

By analyzing polysomal versus steady state mRNAs and 80S modulated in Sbds mutated
cells we made two major observations: a) a 4-fold enrichment of snoRNAs ACA8 and ACA31
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in the ribosomes of Sbds™°“X cells compared to Sbds***“E, ACA8 and ACA31 drive the pseu-
douridylation of 28S rRNA U3832 and U3713 on the 60S. Other snoRNAs were not changed
(Fig 4F; S1 and S2 Files). Intriguingly, there was no overlap between the genes regulated at the
polysomal level by Sbds mutation (S1 File), to the ones we previously found regulated by eIF6
deficiency [41].

In conclusion, our data (Figs 2G, 2H, 3 and 4) suggest that the lack of mature 60S leads to a
general reduction of translational capability associated with transcriptional rewiring.

The loss of functional SBDS causes an alteration in the transcriptome
that indicates reduced synthetic and energetic capability but increased
lysosome trafficking and altered proteostasis

The limited specific translational changes seen at the polysomal level (Fig 4), and the strong
reduction in the maximal translational capability (Fig 3) were mirrored by a complex rewiring
of gene expression and metabolism of SBDS deficient cells (Fig 5). Hereafter, we describe the
transcriptional and metabolic changes directly due to SBDS deficiency, i.e. fully rescued by
SBDS readministration in the Sbds®'?*"/*126T background. To simplify, 527 genes were at least
2-fold altered at the transcriptional level in Shds™?“X cells, all of them presenting concomitant
changes in the polysomal pool. Functional analysis by classical Gene Ontology (GO) for 