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Shwachman-Diamond syndrome (SDS) is
an autosomal recessive disorder charac-
terized by bone marrow failure, exocrine
pancreatic dysfunction, and leukemia pre-
disposition. Mutations in the SBDS gene
are identified in most patients with SDS.
SBDS encodes a highly conserved pro-
tein of unknown function. Data from SBDS
orthologs suggest that SBDS may play a
role in ribosome biogenesis or RNA pro-
cessing. Human SBDS is enriched in the
nucleolus, the major cellular site of ribo-
some biogenesis. Here we report that

SBDS nucleolar localization is dependent
on active rRNA transcription. Cells from
patients with SDS or Diamond-Blackfan
anemia are hypersensitive to low doses
of actinomycin D, an inhibitor of rRNA
transcription. The addition of wild-type
SBDS complements the actinomycin D
hypersensitivity of SDS patient cells.
SBDS migrates together with the 60S
large ribosomal subunit in sucrose gradi-
ents and coprecipitates with 28S ribo-
somal RNA (rRNA). Loss of SBDS is not
associated with a discrete block in rRNA

maturation or with decreased levels of
the 60S ribosomal subunit. SBDS forms a
protein complex with nucleophosmin, a
multifunctional protein implicated in ribo-
some biogenesis and leukemogenesis.
Our studies support the addition of SDS
to the growing list of human bone marrow
failure syndromes involving the ribo-
some. (Blood. 2007;110:1458-1465)
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Introduction

Shwachman-Diamond syndrome (SDS)!2 is an autosomal reces-
sive disease characterized by impaired hematopoiesis, exocrine
pancreatic insufficiency, and increased leukemia risk. Addi-
tional variable clinical features include skeletal, hepatic, immu-
nologic, and cardiac disorders.>* Most patients with clinical
features of SDS harbor biallelic mutations in the SBDS gene
located on chromosome 7.5 SBDS encodes an evolutionarily
conserved protein of unknown function. An adjacent conserved
pseudogene that shares 97% identity with the SBDS gene is
transcribed but fails to encode a full-length protein product.
Most SBDS mutations appear to arise from a gene conversion
event between the SBDS gene and this adjacent pseudogene.’
The SBDS mRNA and protein is widely expressed throughout
different tissues.>8

Potential functions of the SBDS protein have been inferred
from SBDS orthologs.>® The archaeal SBDS ortholog lies within a
conserved operon that includes genes involved in RNA processing
and protein translation.! In transcriptional profiling studies, the
yeast ortholog clusters with other RNA processing genes and
ribosomal genes.!! Proteomic analysis of the yeast ortholog protein
YIr022C/Sdol suggested an association with other proteins in-
volved in ribosome biogenesis.!> Genetic interactions between the
yeast protein YhrO87w, which shares structural homology with
the N-terminal domain of SBDS, and other genes involved in
RNA and rRNA processing have been described.! In phyloge-
netic profiling studies, SBDS clustered with other genes in-

volved in RNA metabolism or translation.? In support of these
findings, we have previously shown that human SBDS is
enriched in the nucleolus, the primary cellular site of ribosome
biosynthesis.” Recently, a role for Sdol in 60S ribosomal
subunit maturation has been described in yeast.!*

Studies in primary tissues from SDS patients are essential for
our understanding of human disease pathogenesis. Studies in mice
indicate that the absence of SBDS expression is lethal.® Although
the early truncating SBDS mutation 183TA>CT is common among
SDS patients, no patients homozygous for this mutation have been
identified.>® Taken together, current data support the hypothesis
that SDS patients harbor at least one hypomorphic SBDS allele. To
investigate SBDS function in human disease, we embarked on a
study of SBDS protein in human cell systems and in primary cells
from SDS patients.

Patients, materials, and methods

Cell culture

Dana-Farber Cancer Institute Institutional Review Board (DFCI IRB)—
approved informed consent was obtained from participating patients in
accordance with the Declaration of Helsinki. Lymphoblast cell lines and
primary fibroblasts were maintained in culture as described previously.” All
cells were grown in a humidified 5% CO, incubator at 37°C. HeLa cells
were maintained in culture in Dulbecco modified Eagle medium (DMEM)
(Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal
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bovine serum (FBS) (Sigma, St Louis, MO), penicillin (100 U/mL), and
streptomycin (75 pg/mL) (Sigma). Human embryonic kidney HEK 293T
cells were cultured in DMEM/10% FBS. Human skin fibroblasts from
American Type Culture Collection (Manassas, VA; GMO00038F) were
immortalized with SV40 large T antigen and pBABE-hTERT-neo!” and
grown in DMEM supplemented with 15% heat-inactivated FBS.

Cell transfection and lentivirus infection

A FLAG-nucleophosmin (NPM) cDNA construct was cloned into the
pCMYV vector (Stratagene, La Jolla, CA). HEK 293T cells were transfected
in 10-cm dishes using TransIT-293 reagent (Mirus, Madison, WI) according
to the manufacturer’s instructions. Cells were harvested 48 hours after
transfection, lysed, and immunoprecipitation performed as described.

Lentivirus vectors bearing a dual-cassette construct expressing GFP
under a CMV promoter followed by an internal ribosome entry sequence
(IRES) upstream of the SBDS cDNA were used.'® Lentiviral production was
performed as described.'® Lentiviral infection efficiency was greater than
90% as confirmed by flow cytometry.

SBDS knockdown was performed using 3 separate small-interfering
RNA (siRNA) hairpins in the LentiLox3.7 system.!” The following
siRNA sequences were used to target SBDS: AACATGCTGCCATAACT-
TAGATT, AAGCTTGGATGATGTTCCTGATT, AAGGAAGATCTC-
ATCAGTGCGTT.

Lentiviral infection was achieved using a multiplicity of infection
(MOI) of 50, with 5 pg/mL hexadimethrine bromide (Sigma) in 250 pL
total volume for lymphoblast cells and in 5 mL total volume for GM00038
fibroblasts. !¢

Cell survival assays

Equal numbers of lymphoblasts were plated in 96-well dishes in 50 pL
RPMI/10% FBS. The indicated concentrations of actinomycin D and
cycloheximide were obtained from stock solutions by diluting in RPMI
medium and added to the 96-well dish to obtain a final volume of 100
L. Cells were incubated for 48 to 72 hours at 37°C in triplicate. Cell
survival was determined using the CellTiter 96 AQueous One Assay
(Promega, Madison, WI) according to manufacturer’s instructions. Cell
viability was calculated as a percentage of control cell survival (100%),
and the mean of triplicate samples was calculated. The standard error is
depicted with error bars.

Immunofluorescence

Immunofluorescence analysis was performed as described previously.” The
following antibodies were used for immunofluorescence: anti-SBDS’
(1:400) and anti-NPM (1:800) (Abcam, Cambridge, MA). All secondary
antibodies were obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA). Slides were mounted with Vectrashield mounting reagent
(Vector Laboratories, Burlingame, CA). Slides were visualized with a Zeiss
Axioplan 2 microscope (Zeiss, Thornwood, NY) using a 63X/1.4 NA
oil-immersion lens. Images were acquired with an Axiocam HRC camera
(Zeiss) using OpenLab software (Improvision, Lexington, MA) and Adobe
Photoshop, version 10 (San Jose, CA).

Immunoblot analysis

Immunoblot analysis was performed as previously described.” Cells
were lysed in RIPA buffer,” and lysates were separated on 10% sodium
dodecyl sulfate or NuPAGE 4% to 12% Bis-Tris gels (Invitrogen),
transferred to nitrocellulose membranes, and probed with the following
antibodies: anti-FLAG (Cell Signaling Technologies, Danvers, MA;
1:1000), antitubulin (Sigma; 1:10 000), anti-NPM (Abcam; 1:10 000),
and anti-SBDS7 (1:5000).

Immunoprecipitation

For immunoprecipitation from whole-cell extracts, cells were lysed in lysis
buffer (20 mM HEPES [pH 7.4], 150 mM KCl, 0.5% NP-40) supplemented
with 0.2 mM PMSF, 1 uM DTT, and Complete EDTA-free protease
inhibitor cocktail (Roche, Indianapolis, IN). Lysates were precleared with
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protein G—agarose beads (Roche) for 30 minutes at 4°C. Cleared lysates
were then incubated with the indicated antibodies overnight at 4°C, and
protein G—agarose beads were added for an additional 3 hours. The beads
were washed with lysis buffer 3 times. Immunoprecipitated proteins were
eluted from the beads with 100 mM glycine (pH 2.8) and neutralized with
1 M Tris (pH 7.4). Samples were boiled in sample buffer and separated on
NuPAGE 4% to 12% Bis-Tris gradient gels (Invitrogen) and analyzed by
immunoblot as described previously.

RNA immunoprecipitation

For immunoprecipitation of RNA, nuclear extracts were prepared as
described.'® Purified nuclear extracts were incubated with the indicated
antibodies precoupled to protein G—agarose beads in buffer (20 mM HEPES
[pH 7.4], 100 mM KCl). Immunoprecipitation was performed overnight at
4°C. Beads were washed 3 times in high-salt buffer (20 mM HEPES [pH
7.4], 1.5 mM MgCl,, 1.4 M KCl, 0.2 mM EDTA, 25% glycerol, 0.2 mM
PMSEF, 0.5 mM DTT). Beads were treated with proteinase K, and RNA was
extracted using phenol/chloroform and isopropanol precipitation. The
extracted RNA was analyzed on a 1% agarose gel.

Sucrose density gradient fractionation

For analysis of ribosomal subunits and polysomes, cells were grown to
confluence, harvested 10 minutes after treatment with 100 wg/mL cyclohex-
imide (Sigma), and resuspended in PBS containing 100 pwg/mL cyclohexi-
mide. Equal numbers of cells were lysed in 20 mM HEPES [pH 7.4],
100 mM KCl, 5 mM MgCl,, 1% NP-40, 1 mM DTT, 100 pg/mL
cycloheximide, 200 pg/mL heparin, 2 wuM PMSF, and 100 units of RNAsin
per milliliter (Promega, Madison, WI) for 10 minutes at 4°C. The lysates
were centrifuged at 12 000g for 2 minutes, and supernatants were layered
on 10% to 45% or 10% to 30% (wt/vol) sucrose gradients. The gradients
were centrifuged at 178 300g for 3 hours at 4°C in a Beckman SW41Ti
rotor and fractionated through an Amersham UV1 (GE Health Care,
Chicago, IL) UV monitor connected to a chart recorder for absorbance at
254 nm.

Protein and RNA analysis from sucrose gradients

Proteins were precipitated with 20% trichloroacetic acid (TCA) from
equal-volume aliquots of each gradient fraction. Proteins were separated on
NuPAGE 4% to 12% Bis-Tris gels and immunoblotted as described in
“Immunoblot analysis.” For RNA extraction, gradient fraction aliquots
were treated with proteinase K and RNA was extracted with phenol/
chloroform and isopropanol precipitation. The RNA was analyzed on a 1%
agarose gel.

Metabolic labeling and analysis of ribosomal RNA

Fibroblasts were plated on 6 cm dishes and transfected with the appropriate
siRNA (Invitrogen) using Lipofectamine (Invitrogen), according to manu-
facturer’s instructions. After 48 hours, the medium was replaced with
phosphate-free DMEM/20% FBS for 2 hours. The cells were then incubated
with 40 nCi (1.48 mBq) of 3?P-orthophosphate (GE Health Care, Piscat-
away, NJ) for 75 minutes. The labeled medium was replaced with
phosphate-free DMEM/20% FBS containing 25 mM phosphate buffer (pH
7.4). Cells were harvested at the time points indicated, and RNA was
extracted using TRIZOL (Invitrogen). Equal amounts (5 pg) of RNA were
separated on a 1.2% agarose/0.8 M formaldehyde gel and transferred to
HYBOND nylon membrane (GE Health Care, Piscataway, NJ) in 10X
sodium saline citrate buffer for 18 hours. The transferred RNA was
cross-linked using a UV cross-linker (Stratagene, La Jolla, CA) and
analyzed by autoradiography (Bio-Rad, Hercules, CA).

Results
SBDS nucleolar localization is abrogated by actinomycin D

We have previously shown that SBDS, although present through-
out the cell, is enriched in the nucleolus, the major cellular site
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Figure 1. Nucleolar localization of SBDS is abrogated by actinomycin D
treatment. Hela cells were treated with 2 nM actinomycin D for the times indicated.
Cells were fixed and stained for SBDS (green) and counterstained with DAPI (blue) to
visualize nuclei (63X magnification). See “Patients, materials, and methods; Immu-
nofluoresence” for image acquisition details.

of ribosome biogenesis.” Numerous studies indicate, however,
that the nucleolus is also an important site for additional cellular
functions.!” To investigate the possible relationship between
SBDS nucleolar localization and ribosome biogenesis, HeLa
cells were treated with low levels of actinomycin D. At these
low concentrations, actinomycin D primarily exerts its inhibi-
tory effects on RNA polymerase I, which is responsible for
transcription of the 18S, 28S, and 5.8S ribosomal RNA precur-
sor.? SBDS localization was assessed by immunofluorescence
at different time points following actinomycin D treatment.
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SBDS nucleolar localization was markedly diminished by 2
hours following treatment with actinomycin D (Figure 1). These
results suggest that SBDS nucleolar localization is dependent on
active rRNA transcription.

SDS patient cells are hypersensitive to actinomycin D

To explore whether ribosome biosynthesis might be functionally
impaired in cells from SDS patients, we assayed cell survival in the
presence of actinomycin D. We first assessed the effects of
actinomycin D on the CH106 lymphoblast cell line derived from a
patient with Diamond-Blackfan anemia (DBA) who harbored a
heterozygous mutation (IVS1-2, A>G) in the ribosomal protein
gene RPS19. Mutations in RPS19 result in impaired processing of
18S rRNA precursors and diminished production of the 40S
ribosomal subunit.?'>*> As shown in Figure 2A, the CH106 DBA
cell line was sensitive to low doses of actinomycin D compared
with the normal control. Interestingly, all 3 lymphoblast cell lines
derived from SDS patients also exhibited hypersensitivity to
actinomycin D relative to the normal control (Figure 2A). The
genotypes of the SDS patient mutations are listed in Table S1
(available on the Blood website; see the Supplemental Materials
link at the top of the online article).

To investigate whether the actinomycin D sensitivity was the
result of SBDS loss, we examined the effect of restoring SBDS
expression in SDS patient lymphoblasts. The SDS lymphoblast cell
line DF2597 was infected with a lentiviral vector carrying either
GFP alone or together with a downstream IRES—wild-type SBDS
cDNA sequence. Greater than 90% of the cells were transduced by
the lentivirus as determined by quantitating the number of cells
exhibiting green fluorescence from the lentiviral GFP cassette.
Restoration of SBDS expression following introduction of the
SBDS c¢DNA was confirmed by immunoblotting (Figure 2B, lane
2). Actinomycin D hypersensitivity was corrected following infec-
tion with the SBDS lentivirus but not with the empty vector control,

Figure 2. Cells from SDS patients are
hypersensitive to actinomycin D in an
SBDS-dependent manner. (A) Lympho-
blasts from a healthy control, SDS patients
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consistent with functional complementation (Figure 2C). Thus, the
actinomycin D hypersensitivity observed in SDS patient cells is
SBDS dependent.

To assess whether SBDS might function in protein transla-
tion, we tested the effect of the protein translation inhibitor
cycloheximide on SDS patient lymphoblasts. No significant
difference in sensitivity between the SDS patient cells and
healthy controls following cycloheximide treatment was noted
(Figure 2D). However, the DBA cell line CH106 was more
sensitive to cycloheximide, as predicted by the presence of a
mutation in a ribosomal protein. Taken together, these results
suggest that SBDS might function in ribosome biogenesis rather
than in general protein translation.

SBDS cosediments with the 60S ribosomal precursor subunit

To further investigate a potential role for SBDS in ribosome
biogenesis, we asked whether SBDS associates with ribosomal
subunits. To begin to address this question, HeLa cell lysates were
fractionated through sucrose gradients to separate the 40S small
ribosomal subunit, the 60S large ribosomal subunit, and the 80S
mature ribosome. Sucrose gradient fractions were blotted for
SBDS. A large proportion of SBDS was seen at the top of the
gradient (Figure 3A); however, a subset of SBDS cellular protein
migrated in a distinct peak in the region of the 60S ribosomal
subunit. In contrast, SBDS was largely absent in the regions of the
gradient corresponding to the 40S small ribosomal subunit and the
80S mature ribosome (Figure 3A). Immunoblotting of sucrose gradients
centrifuged for shorter times to retain the polysomes, which consist of
ribosomes assembled onto mRNA, demonstrated that SBDS was
absent from the polysome fractions (data not shown). These data
were consistent with an association between SBDS and the large
ribosomal precursor subunit but not with mature ribosomes.

SBDS associates with 28S rRNA

To determine whether SBDS coprecipitates with components of the
60S ribosomal subunit, SBDS was immunoprecipitated from HeLa
cells, control lymphoblasts (Control), or lymphoblasts from a
patient with SDS (DF277) (Figure 3B, lanes 3-5). SBDS protein
expression was previously shown to be markedly reduced in the
DF277 cell line.” RNA was extracted from the SBDS immunopre-
cipitate and analyzed by gel electrophoresis. We observed that 28S
rRNA coprecipitated with the anti-SBDS antibody but not with
preimmune serum (Figure 3B, lane 2) in lysates from HeLa cells or
control lymphoblast cell lines, which express SBDS protein
(Figure 3B, lanes 3 and 4). 28S rRNA was absent from immunopre-
cipitates from the SDS patient cell line DF277 (Figure 3B, lane 5),
indicating that the coprecipitation of 28S rRNA was dependent on
the presence of the SBDS protein. These data further support an
association between SBDS and the large 60S ribosomal precursor
subunit, which contains the 28S rRNA but not the 18S rRNA.

SBDS forms a protein complex with nucleophosmin

To further understand the function of SBDS, SBDS binding
partners were identified using the open-ended approach of immuno-
precipitating endogenous human SBDS protein and analyzing
coprecipitated proteins by mass spectrometry.”* To minimize
nonspecific binding, cell lysates were precleared with preimmune
serum (Pre). Background protein immunoprecipitation was low in
the absence of SBDS antibody (Figure 4A, lane 1). In contrast,
several proteins coprecipitating with SBDS (indicated with an
arrow) were visualized with Coomassie staining as shown in Figure
4A, lane 2. Among the SBDS-interacting proteins identified were
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Figure 3. SBDS cosediments with the 60S ribosomal precursor subunit and
associates with the 28S ribosomal RNA. (A) Hela cell lysates were fractionated on a
10% to 30% sucrose gradient by ultracentrifugation. Absorbance at 254 nM across the
gradient is shown (top panel). Proteins were precipitated from equal aliquots of each
fraction and immunoblotted for SBDS (middle panel). RNA was extracted from equal
volumes of each fraction and analyzed by agarose gel electrophoresis and ethidium
bromide staining (bottom panel). Data shown are representative of results obtained from 3
independent experiments. (B) Endogenous SBDS was immunoprecipitated from nuclear
extracts of Hela cells, healthy control lymphoblasts (control), or DF277 lymphoblasts
derived from an SDS patient. Preimmune serum was used as a negative control for the
immunoprecipitation (lane 2). RNA was extracted from the immunoprecipitates and
analyzed by agarose gel electrophoresis and ethidium bromide staining. Data shown are
representative of results obtained from 3 independent experiments.

several ribosomal proteins. An additional protein identified by
mass spectrometry was nucleophosmin (NPM). Like SBDS, NPM
is found in the nucleolus.”> NPM is a multifunctional protein®
whose functions include a role in ribosome biogenesis.?” Mutations
or translocations involving nucleophosmin have been described in
acute myelogenous leukemias.?®

SBDS was immunoprecipitated from cell lysates, and SBDS-
associated proteins were analyzed by immunoblotting for nucleo-
phosmin (Figure 4B). SBDS immunoprecipitation by the anti-
SBDS antibody but not by preimmune serum (Pre) was confirmed
by immunoblotting (Figure 4B, compare lanes 1 and 2). NPM was
found to coprecipitate with SBDS (Figure 4B, lane 4) but not with
preimmune serum (Figure 4B, lane 3).

To perform the reciprocal immunoprecipitation experiment, plas-
mids bearing a cDNA for FLAG-tagged NPM (FLAG-NPM) or empty
vector plasmid were transfected into 293T cells. The cell lysates were
precipitated with an antibody against the FLAG epitope. FLAG-NPM
was precipitated by the anti-FLAG antibody from lysates of cells
transfected with FLAG-NPM (Figure 4C, lane 2) but not from lysates of
cells transfected with empty vector (Figure 4C, lane 1). Inmunoblotting
revealed the coprecipitation of SBDS only when FLAG-NPM was
present (Figure 4C, compare lanes 3 and 4). Thus, SBDS was observed
to interact with NPM in 3 separate assays.
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Figure 4. SBDS associates with nucleophosmin in an RNA-independent manner. (A) Endogenous SBDS was immunoprecipitated from HelLa nuclear extracts with an
anti-SBDS antibody. The immunoprecipitated proteins were separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis on a 4% to 12% Bis-Tris gel followed by
Coomassie blue staining. Preimmune serum (Pre) was used as a negative control for the immunoprecipitation (lane 1). Protein bands from the SBDS immunoprecipitate (lane
2) were excised and analyzed by tryptic digestion and matrix-assisted laser description/ionisation time of flight (MALDI-TOF) mass spectrometry. (B) HelLa cell lysates were
incubated with either anti-SBDS antibody or preimmune serum (Pre). The immunoprecipitates were analyzed by Western blotting for SBDS (lanes 1 and 2) and NPM (lanes 3
and 4). (C) 293T cells were transfected with either FLAG-NPM (lanes 2 and 4) or empty pFLAG-CMV vector (lanes 1 and 3). Cell lysates were immunoprecipitated with an

anti-FLAG antibody. The resulting precipitates were immunoblotted for FLAG (lanes

1 and 2) or SBDS (lanes 3 and 4). (D) HeLa cell lysates were incubated at 30°C for 20

minutes in the presence (lane 2) or absence (lane 1) of 4 ug RNase A. RNA was extracted and analyzed by agarose gel electrophoresis and ethidium bromide staining (left
panel, lanes 1 and 2). SBDS was immunoprecipitated from the mock-treated and RNase-treated lysates. The resulting pellets were analyzed by immunoblotting (right panel) for

SBDS (lanes 3 and 4) and NPM (lanes 5 and 6).

Previous studies have reported that NPM associates with 28S
rRNA,? lending support to the notion that, like NPM, SBDS might
also play a role in ribosome biogenesis. However, this observation
raised the question of whether the coprecipitation of NPM and
SBDS might result from independent interactions of each protein
with 28S rRNA rather than from an association of SBDS and NPM
with each other. To distinguish between these 2 possibilities, HeLa
cell lysates were incubated in the presence or absence of RNase
prior to SBDS immunoprecipitation. RNA digestion was confirmed
by agarose gel electrophoresis demonstrating the loss of rRNA
(Figure 4D, lane 2). These lysates were then immunoprecipitated
with an antibody against SBDS, and the precipitates were blotted
for the presence of SBDS (Figure 4D, lanes 3 and 4) and NPM
(Figure 4D, lanes 5 and 6). Nucleophosmin continued to coprecipi-
tate with SBDS even after RNase treatment. Thus, the SBDS-NPM
interaction is independent of rRNA.

No difference in NPM protein levels was observed between SDS
patient cells and normal control cells (Figure 5A). Thus, SBDS does not
appear to affect steady state NPM protein stability. Similarly, no
difference in SBDS protein levels was noted following transfection of
siRNAs directed against NPM to diminish NPM protein levels (Figure
5B). NPM nucleolar localization was intact in SDS patient cells,
indicating that nucleolar localization of NPM was not dependent on the
present of SBDS (Figure 5C). Inhibition of NPM protein production
following transfection with NPM siRNA did not affect SBDS nucleolar
localization (Figure 5D). Thus, NPM is not required for SBDS protein
stability or nucleolar localization.

Lack of a discrete rRNA processing defect following SBDS loss

Circumstantial evidence from SBDS orthologs suggested that SBDS
might function in RNA processing.>® RPS19 gene mutations in the
inherited marrow failure syndrome Diamond-Blackfan anemia (DBA)
result in inhibition of a specific cleavage step during 18S rRNA
processing and diminished 40S ribosomal subunit production.?!23
Because NPM has previously been suggested to play a role in RNA
biogenesis,*>3! the observed interaction of SBDS with NPM and with
28S rRNA raised the possibility that SBDS might play a similar
function. To investigate this question, siRNAs directed against SBDS or
against GAPDH were introduced into wild-type human skin fibroblasts
(GMO00038). SBDS protein expression was markedly reduced following
the introduction of the SBDS siRNA (Figure 6A). These cells were
pulsed with 3?P-orthophosphate to label newly synthesized RNA
followed by a chase with cold phosphate. RNA was extracted at
different time points during the chase and analyzed by gel electrophore-

sis (Figure 6B) and autoradiography (Figure 6C). Comparable quantities
of RNA were loaded on an agarose gel for each time point (Figure 6B).
Production of newly synthesized rRNA was markedly reduced follow-
ing SBDS knockdown (Figure 6C, lanes 5-8) when compared with the
control cells (Figure 6C, lanes 1-4). No discrete block in rRNA
processing, as evidenced by the lack of accumulation of rRNA
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Figure 5. SBDS is not required for NPM protein stability or nucleolar localiza-
tion. (A) Primary fibroblast lysates from healthy controls or SDS patients (DF259,
DF250, CH126, CH128) were immunoblotted for SBDS and NPM. (B) Hela cells
were transfected with siRNA against either luciferase (Luc) or NPM. Cells were lysed
72 hours after transfection and immunoblotted for SBDS, NPM, and tubulin.
(C) Normal control and DF259 primary fibroblasts were fixed and stained for SBDS
(green) and NPM (red) and counterstained with DAPI (blue) to visualize the nuclei.
(D) Hela cells were transfected with siRNA against either luciferase (++ si Luc) or
NPM ( + si NPM) for 48 hours. Cells were fixed and stained for SBDS (green) and
NPM (red) and counterstained with DAPI (blue). See “Patients, materials, and
methods; Immunofluorescence” for image acquisition details.
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Figure 6. SBDS loss is not associated with a discrete block in rRNA processing. (A) siRNA against either GAPDH or SBDS was introduced into human skin fibroblasts
(GM00038). Cells were lysed 72 hours later and immunoblotted for SBDS and tubulin. GAPDH knock down was confirmed to be greater than 50% by immunoblot
densitometry and quantitative PCR (data not shown). (B) GM00038 fibroblasts containing siRNA against GAPDH or SBDS from (A) were metabolically labeled with
32p-orthophosphate for 75 minutes and chased with 25 mM phosphate for the indicated times in hours. RNA was extracted at the indicated time points, resolved on a 1%
agarose/formaldehyde gel, and stained with ethidium bromide to confirm equal loading. (C) RNA from the gel in panel B was transferred to a nylon membrane and
analyzed by autoradiography. The positions of the 45S/47S and 32S precursor rRNAs and of the mature 28S, 18S, and 5.8S rRNAs are indicated. (D) GM00038
fibroblasts containing siRNA against GAPDH or SBDS were lysed and fractionated on 10% to 45% sucrose gradients by ultracentrifugation. Absorbance at 254 nM was
measured across the gradient, and the positions corresponding to the 40S, 60S, and 80S ribosomal particles are indicated. Results shown are representative of

3 independent experiments.

precursors relative to the mature 28S and 18S product, was observed.
Similar results were obtained when an siRNA against luciferase was
used as the control for these experiments (data not shown).

To further investigate the potential role of SBDS in ribosome
biogenesis, we compared the sucrose gradient polysome profiles of
cells transfected with siRNA directed against GAPDH or SBDS.
No consistent differences were observed in the relative amounts of
the 40S, 60S, and 80S subunits (Figure 6D, compare left and right
panels). Thus, acute loss of SBDS was not associated with an
imbalance of ribosomal subunit production by this assay.

Although acute depletion of SBDS by RNA interference was associ-
ated with a global decrease in TRNA synthesis, the possibility that this
general reduction of rRNA biogenesis might represent an indirect effect
of sudden dramatic SBDS loss rather than a direct function of SBDS
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cannot be ruled out. To address this possibility, primary fibroblasts from
a healthy control and an SDS patient (DF250) were pulsed with
32P-orthophosphate to label newly synthesized RNA followed by a chase
with cold phosphate. Comparable quantities of RNA were loaded on an
agarose gel for each time point (Figure 7A). Consistent with the results
observed following SBDS knockdown, production of newly synthe-
sized IRNA was markedly reduced in the SDS patient cells (Figure 7B,
lanes 5-8) when compared with the control cells (Figure 7B, lanes 1-4).
In further support of these findings, Northern blot analysis of steady state
rRNA levels in control cells versus SDS patient cells also failed to reveal
arelative accumulation of rRNA precursor RNAs (data not shown).

We also compared the sucrose gradient polysome profiles of
normal control fibroblasts and SDS patient fibroblasts. No consis-
tent differences were observed in the relative amounts of the 40S,
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Figure 7. SDS patient cell lines show decreased ribosomal RNA synthesis. (A) Healthy control and SDS patient (DF250) primary fibroblasts were metabolically labeled
with 32P-orthophosphate for 75 minutes and chased with 25 mM phosphate for the indicated times in hours. RNA was extracted at the indicated time points, resolved on a 1%
agarose/formaldehyde gel, and stained with ethidium bromide. (B) RNA from the gel in panel A was transferred to a nylon membrane and analyzed by autoradiography. The
positions of the 45S and 32S rRNA precursor rRNAs and of the mature 28S, 18S, and 5.8S rRNAs are indicated. (C) Lysates from normal control primary fibroblasts or SDS
patient primary fibroblasts were sedimented through sucrose gradients as in Figure 6D. This experiment was repeated for a total of 3 independent experiments. No consistent
difference in the ratios of the 40S, 60S, and 80S peaks was noted.
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60S, and 80S subunits in SDS patient cells versus normal control
cells (Figure 7C). Thus, pathogenic SBDS mutations in SDS
patient cells and chronic absence of SBDS were not associated with
a consistent imbalance of ribosomal subunit production by this
assay. These data indicate that the function of the SBDS protein is
distinct from that observed with RPS19 in the inherited marrow
failure syndrome DBA 2223

Discussion

We investigated the potential role of SBDS in ribosome biogenesis
using human cell lines and primary cells obtained from patients with
Shwachman-Diamond syndrome. We show that cells from SDS patients
are hypersensitive to low doses of actinomycin D, consistent with an
underlying impairment of ribosome biogenesis. Further data implicating
a ribosomal function for SBDS include the observation that SBDS
nucleolar localization is abolished by actinomycin D, that SBDS
cosediments with the large 60S ribosomal subunit in sucrose gradients,
and that SBDS associates with 28S rRNA, a component of the large
ribosomal subunit. The lack of rRNA precursor accumulation and the
similar ratios of ribosomal precursor subunits observed between normal
control cells and SDS patient cells do not support a role for SBDS in
rRNA processing. A recent genetic study in yeast suggested a model
whereby the yeast SBDS ortholog Sdol facilitates Tif6 release from
pre-60S ribosomes.!* Tif6 is required for 60S subunit biogenesis and
nuclear export.’? The release of the mammalian Tif6 homolog elF6 from
60S ribosomal subunits is critical to allow the joining of the 60S subunit
to the 40S subunit.** Our findings lend support to this model in human
systems, though a full understanding of the role of SBDS in ribosome
biogenesis awaits further mechanistic studies.

Using an open-ended approach with immunoprecipitation of
endogenous human SBDS followed by mass spectrometry, we
observed that human SBDS associates with NPM. The associa-
tion between SBDS and NPM was confirmed by reciprocal
immunoprecipitation-immunoblot assays. NPM is a multifunc-
tional protein implicated in regulation of centrosome duplica-
tion,3* chromatin transcription,® protein chaperoning,3® modula-
tion of apoptosis, stress response,?’ and ribosome biogenesis.?
We observed that SBDS shares characteristics previously re-
ported for NPM: both SBDS and NPM bind to 28S rRNA,? and
both are localized to the nucleolus in an actinomycin D—sensi-
tive manner.?® NPM’s chaperoning activity may facilitate ribo-
some assembly?¢ and transport,? and the potential role of SBDS
in these processes is currently under investigation. Nucleophos-
min (NPM) is abundant in highly proliferative or malignant
cells, and expression of NPM rises in response to mitogenic
stimuli.?637 NPM expression is reduced during cellular differen-
tiation or apoptosis.’” As seen with SBDS, loss of NPM leads to
early embryonic lethality in mice.>* Npm */ mice exhibit an
increased risk of myelodysplasia.>* Translocations and muta-
tions involving the human NPM gene are commonly associated
with hematologic malignancies.* Thus, NPM has been postu-
lated to function as both an oncogene and as a tumor suppressor.
Whether NPM might contribute to the increased risk of AML in
SDS patients remains an area of active investigation.

The pathologic mechanism(s) whereby defects in ribosome
biogenesis might lead to marrow failure and leukemogenesis are
currently unclear.*! While an association between ribosome
biogenesis and malignant transformation has long been appreci-
ated, the question of causality remains unanswered. Oncogenes
such as Myc and tumor suppressors such as Arf have been
reported to increase or decrease ribosome production, respec-
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tively.*?> Ribosome biogenesis is a complex and highly regulated
process involving more than 100 different nonribosomal pro-
teins and small RNAs.*3 Imbalanced production of ribosomal
precursors is poorly tolerated by cells and might contribute to
the increased levels of apoptosis seen in the context of marrow
failure. An intriguing study recently suggested that lineage-
specific regulation of rRNA transcription by the transcription
factor Runx2 may contribute to lineage commitment and cell
proliferation.** It is notable that the eukaryotic ribosome
contains many more proteins than its prokaryotic counterpart
and that the functions of these additional eukaryotic ribosomal
proteins remain poorly characterized.*> Extraribosomal func-
tions are being identified for increasing numbers of eukaryotic
ribosomal proteins.*-*8 These studies continue to broaden our
view of the ribosome beyond that of a passive factory for protein
translation.

In summary, our studies support the addition of Shwachman-
Diamond syndrome to the growing list of inherited bone marrow failure
syndromes affecting the ribosome*: Diamond-Blackfan anemia,?>
dyskeratosis congenital’'? and cartilage-hair hypoplasia.>® The ribo-
somal defects targeted in each syndrome appear distinct. In Diamond-
Blackfan anemia, mutations in RPSI9 result in an impaired rRNA
cleavage step during the maturation of 18S ribosomal RNA.2? In
dyskeratosis congenita, mutations in DKCI, the gene encoding dys-
kerin, result in impaired RNA pseudouridylation’?> and decreased
IRES-mediated protein translation.* In cartilage-hair hypoplasia, muta-
tions are seen in the RNA component of the RMRP gene, which is
involved in rRNA processing.> However, additional molecular func-
tions have been described for each of these genes. Dyskerin is involved
in telomere maintenance,” RPS19 has been described as a monocyte
attractant factor,”> and RMRP is also involved in mRNA degradation.>®
Such multiplicity of function is not necessarily mutually exclusive but
might additively contribute to disease phenotype. Thus, the elucidation
of the molecular contributions of ribosome dysfunction or other
functions of SBDS to disease pathogenesis is essential to the develop-
ment of targeted therapeutics to treat marrow failure and malignancies.
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