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Abstract Shwachman–Diamond syndrome (SDS) is an

inherited disorder characterized by reduced cellularity in

the bone marrow and exocrine pancreas. Most patients

have mutations in the SBDS gene, whose functions are

unknown. We previously showed that cells deficient in the

SBDS protein are characterized by accelerated apoptosis

and Fas hypersensitivity, suggesting that the protein might

play an important role in Fas-mediated apoptosis. To study

the mechanism of Fas hypersensitivity, we compared

shRNA-mediated SBDS-knockdown HeLa cells and SDS

marrow CD34? cells for their sensitivity to several groups

of apoptosis inducers. Marked hypersensitivity was noticed

in response to Fas stimulation, but not to tumor necrosis

factor-a, DNA-damaging agents, transcription inhibition or

protein synthesis inhibition. To identify the Fas signaling

factors that cause hypersensitivity, we analyzed the

expression of the pathway’s proteins. We found that Fas

accumulated at the plasma membrane in SBDS-knockdown

cells with corresponding expression of Fas transcript 1, the

main Fas transcript which contains both the transmembrane

domain and the death domain. However, the total levels of

Fas protein and mRNA were comparable to controls, and

Fas internalization occurred normally. Expression of

FADD, caspase-8 and -3 were not elevated and the path-

way inhibitors: ERK, c-FLIP and XIAP were not

decreased. These results suggest that SBDS loss results in

abnormal accumulation of Fas at the plasma membrane,

where it sensitizes the cells to stimulation by Fas ligand.
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Introduction

Shwachman–Diamond syndrome (SDS) is an autosomal

recessive disorder characterized mainly by short stature and

reduced cellularity in the bone marrow and exocrine pan-

creas [1, 2]. Patients with the syndrome suffer mainly from

cytopenia, malabsorption and short stature. In addition,

there is marked propensity for myelodysplastic syndrome

and leukemia [3–5]. Recently, the gene associated with the

syndrome has been identified and designated as SBDS.

SBDS is located at 7q11 and highly conserved from archaea

to humans. Approximately 90% of the SDS patients have

mutations in SBDS. Common mutations arise from gene

conversion events with its pseudogene, SBDSP, whose

sequence is 97% identical to SBDS [6]. There are two

common mutations 183-184TA[CT (nonsense mutation)

and 258?2T[C (intronic mutation; predicted to result in
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alternative splicing and frameshift reading). The mutations

are predicted to cause reduced expression of the protein.

The functions of the SBDS protein are unknown; how-

ever, various data suggest a role of SBDS in regulating

apoptosis, [7, 8] ribosomal biogenesis [9–13] and chemo-

taxis [14–16]. Since SDS marrows are hypocellular, [1, 2,

17] we previously asked whether SDS marrow progenitors

undergo accelerated apoptosis. We found that SDS hema-

topoietic progenitors exhibit higher apoptosis rates than

normal cells, [7] a process which has recently been sug-

gested to play a major pathogenetic role in cytopenia

related to several bone marrow failure syndromes [18–22].

Since the Fas signaling pathway is a key regulator of

apoptosis in physiologic and disease related states, [23, 24]

we have tested SDS marrow progenitor cells, and found

them to be hypersensitive to direct Fas stimulation [7]. In

many physiological and pathological conditions, including

myelodysplastic syndromes, regulation of the Fas signaling

pathway has been shown to be at the Fas protein level [25,

26]. Therefore, we evaluated SDS marrow cells for Fas

protein expression and found overexpression throughout

maturation: CD34?, CD34-, CD34-/CD38?, CD34-/

CD38-, suggesting that apoptosis starts early during

hematopoiesis [7]. In contrast to Fas, the Bax/Bcl-2 and

Bax/Bcl-XL expression ratios at the protein and mRNA

level did not manifest pro-apoptosis expression pattern in

SBDS-deficient cells [8]. Using apoptosis blockers we

showed that the Fas pathway was the predominant apop-

tosis pathway responsible for the decreased cell growth in

SBDS-deficient cells [8].

Since our previous work clearly demonstrated that

SBDS-deficient cells undergo accelerated apoptosis and are

hypersensitive to Fas stimulation, we investigated herein

the mechanism for Fas hypersensitivity upon SBDS loss.

To do so, we first asked whether the hypersensitivity of

SBDS-deficient cells is specific to Fas stimulation, or

occurs indiscriminately in response to a variety of apop-

tosis cues. To determine the proteins that confer Fas

hypersensitivity in SBDS-deficient cells, we analyzed the

expression of the various Fas pathway proteins and its

inhibitors. Last, we focused on Fas and studied whether

alterations in protein localization or mRNA expression can

play a role in causing activation of the pathway.

Materials and methods

Patients and bone marrow samples

The studies were approved by the Institutional Research

Ethics Board, and informed written consent was obtained

from patients, controls, or their legal guardians prior to

sample collection. Patients were diagnosed with SDS based

on institutional clinical criteria, [27] which included clear

evidence for both hematological and exocrine pancreatic

dysfunction. For the various experiments, marrow samples

from 12 patients were used. Nine of the patients were

tested for mutations in the SBDS gene, and were found to

have biallelic mutations. No patient had evidence of

malignant transformation at the time of bone marrow

sample collection.

Bone marrow aspirates were obtained from the posterior

superior iliac crest, put into Iscove’s medium containing

ten units of preservative-free heparin per milliliter, layered

over Ficoll-Hipaque and centrifuged for 25 min at

1600 rpm. The light-density cell fraction was collected and

washed.

Reagents

Custom chicken anti-human SBDS antibody was generated

by immunization of the animals with the C-terminal of

SBDS and purified by Invitrogen (Carlsbad, CA). Anti-

bodies to Fas, FADD, and caspase-8 were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to

XIAP, Erk1/2, PI3K, Akt, Jak2, Stat1 and phosphorylated

Stat1 and Erk1/2 were from Cell Signaling Technology

(Danvers, MA). Anti c-FLIP antibody was a gift from

Dr. J. C. Reed, Burham Institute. Phycoerythrin-cyanin-5

(Cy5)-conjugated anti-human Fas and FITC-conjugated

goat-anti-mouse IgM was from BD Pharmingen (Franklin

Lakes, NJ). The agonistic anti-Fas IgM antibody (CH-11)

and blocking anti-Fas antibody (cZB4) were purchased from

Immunotech (Marseille, France). Fas ligand was purchased

from R&D Systems (Minneapolis, MN). Actinomycin D, a-

amanitin, cycloheximde, cisplatin and doxorubicin were

purchased from Sigma–Aldrich (St Louis, MO). Etoposide

was purchased from Calbiochem (San-Diego, CA). TNF-a
was from R&D Systems (Minneapolis, MN), and interferon-

c was from InterMune Pharmaceuticals, Inc. (Palo Alto,

CA). The Caspase 8 inhibitor (Z-IETD-FMK) was pur-

chased from Trevigen, Gaithersburg, MD.

Cell lines

HeLa human cervical cancer cells were maintained in

Dulbecco Modified Eagle’s Medium supplemented with

10% fetal bovine serum at 37�C in 5% CO2.

Short hairpin RNA (shRNA)-mediated HeLa knock-

down cells were generated as previously established [8].

In short, three different shRNA expression cassettes con-

taining either SBDS mRNA sequences (shSBDS-1 &

shSBDS-3) or scrambled sequence control (shSCR) were

synthesized downstream to a U6 promotor. Cassettes were

then cloned into a pSEC/Neo plasmid (Ambion, Austin,

TX) and transfected into HeLa cells using Lipofectamine
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2000 (Invitrogen). After 72 h, cells were selected with

G418 (Invitrogen). According to the shRNA expression

construct, we termed the lines HeLa/shSBDS-1, HeLa/

shSBDS-3 and HeLa/shSCR. SBDS-knockdown was con-

firmed by Western blotting using a chicken anti-SBDS

antibody (Supplemental Data, Fig. 1). We chose HeLa

cells as a model, because they have been used extensively

to study protein function by shRNA, [28] they express Fas

and can induce to undergo apoptosis [29, 30].

Methyl–thiazol–tetrazolium (MTT) assay

Cells were plated into 96-well plates in triplicate wells

(4 9 103 cells/well) and incubated overnight at 37�C

before treated with various apoptosis inducers. After 48 h

the cytotoxic activity was measured by the reduction in the

conversion rate of the MTT dye (3-4,5-dimethylthiazol-2-

yl-2, 5-diphenyltetrazolium bromide) (ATCC, Manassas,

VA, USA) to a blue–black formazan product. Absorbance

at 570 nm was measured in a micro plate reader (Bio-Tek

Instruments, Inc., Winooski, VT, USA).

Flow cytometry

Double staining for annexin V and propidium iodide was

done as previously described [7] with minor modifica-

tions. Briefly, to a 5 9 105 cell mixture, FITC-conjugated

annexin V (1 lL, R&D Systems, Minneapolis, MN) and

propidium iodide (10 lL, R&D Systems) were added,

and cells were incubated at room temperature in the

dark for 15 min. Subsequently, binding buffer (R&D

Systems) was added, and cells were immediately ana-

lyzed by Coulter Epics XL-MCL flow cytometer

(Coulter, Hialeah, FL).
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Fig. 1 Sensitivity of SBDS-

knockdown cells to Fas

stimulation. a SBDS-

knockdown cells were either not

treated or treated with CH-11

(0.02 lg/ml) for 48h. The cell

morphology was then evaluated

under the microscope. b SBDS-

knockdown cells were treated

with various concentrations of

activating anti-Fas antibody,

CH11 or Fas ligand (c) for 48 h

and then analyzed by MTT

assay. The means results (±SD)

of three replicates relative to the

values obtained from the same

cell type without treatment are

presented. d Nuclear staining of

Hela-shSBDS-3 using

Hoechst33342 with or without

Fas stimulation. (WT, HeLa/

WT; Scr, HeLa/shSCR; S-1,

HeLa/shSBDS-1; S-3, HeLa/

shSBDS-3)
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Determination of apoptotic events by DNA content

analysis was performed as previously described [8]. In

brief, 5 9 105 cells were washed with phosphate-buffered

saline, fixed with 70% ethanol, re-washed and incubated at

4�C for additional 1 h with propidium iodide, RNaseA and

triton-9-100. DNA content was then analyzed by flow

cytometry and sub-G1 cell population, which indicates

apoptotic cells, was determined.

For evaluation of plasma membrane Fas expression,

1 9 106 cell mixture were incubated with either 2 lg/ml of

Cy5- conjugated anti-Fas antibody or isotype IgG1 in the

dark for 30 min on ice and analyzed by flow cytometry as

previously described [7].

Hematopoietic cell enrichment

Light-density marrow mononuclear cells obtained after

Ficoll-Hipaque separation underwent CD34? or CD33?

cell enrichment by the Mini-MACS immunomagnetic

separation system (Miltenyi Biotec, Auburn, CA) as pre-

viously described [7].

Clonogenic assays

Marrow CD34? cells were plated in duplicates at a density

of 1 9 103 cells/1 ml dish with serum free medium

(MethoCult SF 4436 from Stem Cell Technologies,

Vancouver, Canada) containing methylcellulose, Iscove’s

medium, bovine serum albumin, 2-mercaptoethanol,

L-glutamine, insulin, human transferrin, stem cell factor,

granulocyte macrophage-colony stimulating factor, inter-

leukin-3, interleukin-6, granulocyte-colony stimulating

factor and erythropoietin. Additional duplicate cultures

were plated in the same conditions, but with escalating

concentrations of CH11, etoposide, a-amanitin or cyclo-

heximide, or were treated with c-radiation 24 h after

plating. Cultures were incubated at 37�C in a humidified

atmosphere (5% CO2 and air). Colonies of 50 cells or more

were scored after 14 days under an inverted microscope.

Morphology

Cells were plated into 96-well plates in triplicate wells

(4 9 103 cells/well) and incubated overnight at 37�C. After

48 h of treatment with 0.02 lg/ml of CH-11, the mor-

phology of the cells were examined and imaged under an

inverted light microscope. For nuclear staining, cells were

incubated on coverslips, and treated with 0.02 lg/ml of

CH-11. After 48 h, cells were washed with phosphate-

buffered saline, fixed with 4% paraformaldehyde, and then

stained with Hoechst 33342 (Molecular Probes Inc.,

Carlsbad, CA). The stained cells were examined using

fluorescence microscopy (Carl Zeiss, Gottingen, Germany).

Confocal microscopy

To study whether SBDS-knockdown affects the subcellular

localization of Fas, cells were plated on coverslips for 24 h.

Cells were then washed and incubated with 2 lg/ml PE-

Cy5-conjugated anti-Fas antibody for 30 min on ice. After

washing, cells were fixed with 4% cold paraformaldehyde

and observed under confocal microscopy. The fluorescent

signal at the plasma membrane was identified after merging

the figures obtained by the fluorescent filter with that from

differential interference contrast, and the fluorescent

intensity in cells from 4 to 5 slides from three separate

experiments were quantified using ImageJ Software (US

National Institutes of Health, Bethesda, MD).

Western blotting

Cultures were washed once, and cells were scraped in

phosphate-buffered saline. After centrifugation, pellets

were incubated with radioimmunoprecipitation assay buf-

fer on ice for 45 min and centrifuged at 15,000 rpm for

15 min. The supernatant was collected and protein con-

centration was measured using BioRad protein assay

solution. Equal amounts of cell lysate were loaded onto a

10–15% sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) gel and transferred to a

polyvinylidene difluoride or nitrocellulose membrane.

Membranes were rinsed in Tris-buffered saline (TBS) and

incubated in blocking solution (5% non-fat dry milk in

TBS-Tween 20) at room temperature for 1 h. Blocked

membranes were incubated with a primary antibody at 4�C

overnight and washed, followed by incubation with a sec-

ondary antibody at room temperature for 1.5 h. After

washing, the proteins were visualized using enhanced

chemiluminescence (GE, Healthcare).

Fas protein expression was also quantified by a fluo-

rescent detection system. The experimental procedure was

similar to the standard western blotting described above

except for using an infrared dye 680 Goat anti-mouse IgG

(Li-Cor Biosciences, Lincoln, Nebraska) as a secondary

antibody for a mouse anti-human Fas antibody, and infra-

red dye 800 goat anti-rabbit IgG (Li-Cor Biosciences) for a

rabbit anti-human actin. The proteins on the membrane

were visualized and quantified using the Odyssey� Infrared

Imaging System (Li-Cor Biosciences).

Receptor internalization

HeLa cells (1 9 106) were incubated with 2 lg/ml of the

agonist anti-Fas IgM antibody CH-11 for 30 min on ice.

Unbound antibody was removed by washing and cells were

incubated with Dulbecco Modified Eagle’s Medium/10%

fetal bovine serum either at 37�C to induce internalization
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or at 4�C for 1h. After washing, cells were incubated with

2 lg/ml Fluorescein isothiocyanate (FITC)-conjugated

goat-anti-mouse IgM for 30 min on ice. The cells were

then washed, and Fas expression at the plasma membrane

was quantified by flow cytometry. The internalized Fas was

defined as the ratio of peak Fas expression at 37�C to its

expression at 4�C as previously described [26].

Quantitative real time polymerase chain reaction (PCR)

To study whether SBDS-deficiency leads to upregulation of

Fas at the mRNA level we measured Fas levels in SDS

cells vs. healthy controls and in SBDS-knockdown cells

and compared the levels to those from HeLa/WT and

HeLa/shSCR control cells. Quantitative real-time PCR

using SYBR green technology was used as previously

described [31]. Total RNA was used to synthesize com-

plementary DNA (cDNA) using the Advantage

RT-for-PCR kit from Clontech (Palo Alto, USA) according

to the manufacturer’s instructions. The primers used for

amplification of the FAS gene were: forward primer:

50CTCCTACCTCTGGTTCTT-30 at exon 1 and

50-TGTCAGTCACTTGGGCATT-30 at exon 2. The prim-

ers used for the b-actin control gene were: forward primer:

50-AGCCTCGCCTTTGCCGA-30 at exon 5, and backward

primer 50-CTGGTGCCTGGGGCG-30 at exon 6. cDNA

and primers were added to a SYBR green Master Mix (PE

Applied Biosystems, Foster City, CA). Two steps PCR

thermal cycling for DNA amplification and real time data

acquisition were performed with an ABI PRISM 7700

Sequence Detection System using the following cycle

conditions: 50�C for 2 min 9 1 cycle, 95�C for

10 min 9 1 cycle, and 95�C for 15 s followed by 60�C for

1 min 9 45 cycles. Each cDNA sample was assayed in

triplicates. A non-template control and a non-primer con-

trol were cycled in parallel each run. Baseline and

threshold values were set, and fluorescence data were

analyzed and expressed as CT, namely the number of

cycles needed to generate a fluorescent signal above a

predefined threshold.

Multiplex PCR

Fas transcript 1 is the maim transcript involved in trans-

mission the death signal from Fas ligand. Herein we asked

whether the accumulation of Fas at the plasma membrane

level and transmission of the death signal in SBDS-deficient

cells is associated with the expression of this transcript.

Since Fas has multiple alternatively-spliced variants we

were not able to identify primers that amplify exclusively

transcripts 1 for real-time PCR. Therefore, we used a primer

set that can amplify fragments of different sizes from the

transcripts 1 and 2 by multiplex PCR and can be identified

using an agarose gel. Total RNA was isolated using TRIzol

(Invitrogen, Carlsbad, CA) as previously described [8].

RNA underwent reverse transcription using the Advantage

RT-for-PCR kit (Clontech, Palo Alto, USA) and oligo dT

primers according to the manufacturer’s instructions. cDNA

product aliquots underwent multiplex PCR of the Fas and

G3APDH genes. For the Fas gene the forward primer

50- GAAGGACATGGCTTAGAAGTGG -30 (on exon 3,4)

and the reverse primer 50- GCCACTGTTTCAGGATT-

TAAGG -30 (on exon 7,8) were used, with a predicted PCR

product of 338 bp. For the G3PDH gene the forward primer

50- TGAAGGTCGGAGTCAACGGATTTGGT -30 and the

reverse primer 50- CATGTGGGCCATGAGGTCCACCAC -30

were used, with a predicted PCR product of 983 bp. An

aliquot of the completed PCR reaction was fractionated on

1% agarose gel by electrophoresis, autoradiographed, and

scanned by the laser scanning densitometer (SynGene,

Frederick, MD).

Results

Establishment of SBDS-knockdown cell lines

using shRNA

To study the role of SBDS in apoptosis, we knocked down

the gene in HeLa cells using shRNA. We generated three

cell lines: HeLa/shSBDS-1 and HeLa/shSBDS-3, as well as

a control cell line expressing scrambled RNA cassette,

HeLa/shSCR. SBDS knockdown was confirmed by

Western blotting using an anti-SBDS antibody (Supple-

mental Data, Fig. 1), The control cell line, HeLa/shSCR,

had the same level of SBDS expression as the wild type

cells. The SBDS levels mimic the levels in cells from SDS

patients [8, 9]. Despite a clear effect of knocking down

SBDS on cell survival (see below), this effect was not

absolute, and the clones could be maintained for at least

3 months, cryopreserved, thawed and re-cultured.

As we have previously shown, [8] SBDS-knockdown

resulted in increased apoptotic cell death. Exponentially

growing SBDS-knockdown cells showed 24% sub-G1 cell

population for HeLa-shSBDS-1 and 33% for HeLa/

shSBDS-3 compared to 8% for HeLa/WT and 12% for

HeLa/shSCR cells (Data not shown). Similarly, morpho-

logical examination of the cells under a light microscope

showed prominence of small and round or floating cells

(Fig. 1a).

Sensitivity of the SBDS-knockdown cells to apoptosis

inducers

To further characterize the effect of SBDS-knockdown on

apoptosis, we studied the sensitivity of HeLa/shSBDS-1
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and -3, HeLa/shSCR and HeLa/WT to four groups of

apoptosis inducers. Dose-response curves were obtained by

MTT assay 48 h after treating the cells with the reagents.

We used two different Fas stimulators to study whether

SBDS-knockdown results in hypersensitivity to Fas stim-

ulation: CH11, which is an activating anti-Fas antibody and

Fas ligand, which is the physiological stimulator of Fas.

Interestingly, SBDS-knockdown cells were markedly

hypersensitive to both Fas stimulators. For example, while

0.1 lg/ml of CH-11 reduced the survival fraction to 50% in

wild-type and control cells, a similar effect was obtained

with only 0.01 lg/ml in the SBDS–knockdown cells

(Fig. 1b). Similar prominent hypersensitivity was observed

when Fas ligand was used (Fig. 1c). When the cells were

examined under the microscope 48 h after treatment with

CH-11, most SBDS-knockdown cells were dying, while the

wild type and control cells were still mostly intact

(Fig. 2a). Staining the cells with Hoechst 33342 showed

the typical feature of apoptosis such as chromatin con-

densation and nuclear fragmentation (Fig. 1d). To study

whether the Fas hypersensitivity of SBDS-knockdown cells

is due to apoptosis, we evaluated annexin V binding after

rescue experiments with a blocking anti-Fas antibody and a

caspase 8 inhibitor. Indeed, blocking the Fas pathway by

either a caspase 8 inhibitor or a blocking anti-Fas antibody

prominently reduced spontaneous and CH11-induced

apoptosis (Supplemental Data Fig. 2).

To determine the molecular events that lead to Fas

hypersensitivity, we took advantage of the fact that stim-

ulations of both TNF-a and Fas activate several common

downstream proteins, including FADD, caspase-8 and

caspase-3. We therefore, tested whether SBDS-knockdown

cells are hypersensitive also to TNF-a. Importantly, there

were no differences between the SBDS-knockdown cells

and the HeLa/shSCR and HeLa/WT control cells in their

sensitivity to TNF-a stimulation (Fig. 2a), suggesting that

the hypersensitivity to Fas stimulation resides at the

receptor level.

It has been debated whether patients with SDS are more

sensitive to standard chemotherapy and radiation than

patients with no inherited blood dyscrasias [32–34]. Inter-

estingly, SBDS-knockdown cells were not hypersensitive to

the genotoxic agents: c-radiation, cisplatinum, etoposide

and doxorubicin (Fig. 2b–3e). Since SBDS has been pos-

tulated to be involved in RNA processing and ribosome

biogenesis, we studied the sensitivity of SBDS-knockdown

cells to transcription inhibition by actinomycin D and

a-amanitin. In contrast to Fas stimulation, the sensitivity to

the transcription inhibitors was not remarkably different

among the four cell lines (Fig. 2f, g). Similarly, the sen-

sitivity to the protein synthesis blocker, cycloheximide,

was not different between the SBDS-deficient and control

cells (Fig. 2h).

Growth potential of SBDS-/- marrow CD34? cells

in the presence of apoptosis inducers

To study whether the prominent hypersensitivity to Fas

stimulation is confined to SBDS-knockdown HeLa cells or

occurs also in primary SDS patients’ hematopoietic pro-

genitor cells, we tested CD34? cell from two patients

who are double heterozygous for the 183-184TA[CT?
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Fig. 2 Sensitivity of SBDS-knockdown cells to various apoptosis

agents: SBDS-knockdown cells were treated with various concen-

trations of the apoptosis inducers for 48 hours and then analyzed

for cell viability by a MTT assay. The means (±SD) of al least 3

replicates are presented. The results were normalized to blank wells

and expressed relative to the values obtained from the same cell

type without treatment. The apoptosis inducers included TNF-a
(a), Radiation (b), Cisplatinum (c), Etoposide (d), Doxorubicin

(e), Actinomycin (f), a-Amanitin (g), Cycloheximide (h). (WT,

HeLa/WT; Scr, HeLa/shSCR; S-1, HeLa/shSBDS-1; S-3, HeLa/

shSBDS-3)
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258?2T[C/258?2T[C mutations and one patient who is

double heterozygous for the 183-184TA[CT/258?2T[C

mutations. Western blotting of lymphoblasts from one

patient from each group showed no detectable SBDS

expression (Data not shown). Due to the rareness of the

diseases and the paucity of CD34? cells in marrows from

these patients, [17] we were able to test only one–two

patients for each apoptosis inducer in duplicate cultures. To

overcome this problem, we performed dose response in

each individual sample. Indeed, very important observa-

tions have been made, which strengthened the results from

the SBDS-knockdown cells.

We have previously shown that incubation of marrow

CD34? cells from SDS patients (n = 6) in serum-based

clonogenic assay containing 2 lg/ml CH11 resulted in

75% reduction in colony formation compared to 40% in

normal controls (n = 4) (P \ 0.05) [9]. Prominent dif-

ferences between SBDS-/- cells and controls were also

seen in the present study using serum-free methylcelluose

culture at the same concentration of CH11 (Fig. 3a). The

total number of colonies in the SDS culture after stimu-

lation with 2 lg/ml of CH11 was 54% lower than the

colony numbers where no CH11 was added. The reduc-

tion of the colony numbers in the CH11-treated culture

with normal control cells was only by 28%. In contrast,

treatment of the cells with c-radiation (Fig. 3b), etoposide

(Fig. 3c) and cycloheximide (Fig. 3d) did not result in

any differences in colony formation between SBDS-/-

cells and controls. Treatment of the cells with a-amanitin

showed substantial overlapped results between patients

and controls, however, a trend towards lower colony

formation was seen with the lower concentration (0.5 lg/

ml) and not with the higher concentration (1 lg/ml)

(Fig. 3e). The mean patients’ colony numbers was

reduced by 37% (range: 16–57%), compared to 13%

(range: -10–39%) of healthy subject. Larger numbers of

patients are needed to decipher whether SBDS-deficient

cells have certain degree of hypersensitivity also to low

dose a-amanitin.

For sensitivity to DNA damaging agents, we also plated

2 million freshly obtained marrow mononuclear cells after

Ficoll separation in suspension cultures containing Iscove’s

medium and 10% fetal calf serum. Duplicate cultures were

treated with 15 gray c-irradiation immediately after plating.

After incubation for 24 h, non-adherent cells were har-

vested and stained with annexin V/propidium iodide and

analyzed by flow cytometry (Fig. 3f). The mean baseline

apoptosis rates as determined by annexin V?/propidium

iodide-events were higher in the patients (20%, n = 11)

compared to controls (10%, n = 3) (P = 0.04). Interest-

ingly, the fold increase in apoptotic cells among the SDS

patients cells after c-radiation was only 1.5 vs. 2.3 among

the normal samples (P = 0.08).

Fas protein expression and subcellular localization

The results above demonstrate prominent hypersensitivity

of primary and shRNA-mediated knockdown SBDS-defi-

cient cells to Fas stimulation. To identify the factors in the

Fas signaling pathway that are responsible for this hyper-

sensitivity, we analyzed the expression of the Fas signaling

pathway-related proteins. Since changes in Fas protein

expression have been reported to affect the apoptosis

response to Fas stimulation, we first studied the expression

of Fas protein at the plasma membrane by flow cytometry.

Fas expression in the HeLa/shSBDS-1 and -3 was 1.8 and

2.6 fold higher, respectively, than the HeLa/shSCR control

(Fig. 4a). This is congruent with our previous observations

in SDS marrow progenitor cells [7].

To determine whether Fas overexpression at the plasma

membrane levels is due to increased total intracellular

protein levels we evaluated the total Fas protein levels by
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Fig. 3 Sensitivity of hematopoietic progenitor cells to various

apoptosis inducers: Marrow CD34? cells were plated in clonogenic

assay with or without various apoptosis inducers at escalating

concentrations. After 14 days the total numbers of colonies were

determined under inverted microscope. The apoptosis inducers

included CH11 (a), c-radiation (b), etoposide (c), Cycloheximide

(d), a-amanitine (e). f Two million freshly obtained marrow

mononuclear cells from SDS patients (n = 11) and healthy subjects

(n = 3) were plated in Iscove’s medium with 10% fetal calf serum.

Duplicate cultures were irradiated with 15 gray immediately after

plating. The cells were then incubated for 24 h and analyzed for

apoptotic events by annexin V/propidium iodide staining. The right

panel shows the percentages of apoptotic cells in the cultured marrow

mononuclear cells, and the left panel show the fold increase in

apoptosis cells after irradiation
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Western blotting using standard horseradish peroxidase

(HRP)-conjugated and more accurately by infrared-conju-

gated antibodies. We used a polyclonal anti-Fas antibody

from Santa Cruz (C-20) that recognizes the last 50 amino

acids at the C-terminus of the protein. In both methods, the

total Fas protein (a band at approximately 39kD) was

similar in the SBDS-knockdown and the control HeLa/WT

and HeLa/shSCR cells (Fig. 4b, c). These data suggest that

the Fas cell surface overexpression after SBDS loss is not

due to an increase in its total cellular levels.

Since the plasma membrane Fas expression but not the

total Fas levels differ between SBDS-knockdown and

control cells, we next evaluated whether SBDS loss affects

the subcellular localization of Fas by confocal microscopy.

We found that Fas accumulated at the plasma membrane

level in the SBDS-knockdown cells, while the distribution

was more diffuse in the control cells (Fig. 5a). To quanti-

tate the difference in Fas accumulation at the plasma

membrane in the SBDS-knockdown cells, we measured the

relative fluorescent signal intensity of Fas in the various

cell lines. The means of the fluorescent intensity units in

the HeLa/shSBDS-1 cells and the HeLa/shSBDS-S3 cells

were significantly lower than the controls (Fig. 5b).

Similarly the ratio of plasma membrane Fas expression vs.

cytoplasmic Fas was significantly higher in the SBDS-

knockdown cells than the controls (Fig. 5c).

Expression of other Fas-signaling related proteins

in SBDS-knockdown cells

Stimulation of Fas triggers recruitment of FADD and

procaspase-8 to the receptor. This results in a cleavage

and activation of caspase-8 and subsequently of caspase-3,

and leads to other biochemical changes associated with
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Fig. 4 Fas protein expression in SBDS-knockdown. a Cells were

stained with Cy5-conjugated anti-Fas antibody and assayed by flow

cytometry for Fas plasma membrane expression. Two separate sets of

experiments are shown. b Fas protein expression was assayed by

standard western blotting and detection by chemiluminecence. The

ratios of Fas expression to the b-actin internal control are shown

beneath the respective bands. c Fas protein expression by western

blotting using an infrared detection system. The red dye stains for Fas

and the green dye stains for b-actin. (WT, HeLa/WT; Scr, HeLa/

shSCR; S-1, HeLa/shSBDS-1; S-3, HeLa/shSBDS-3)
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cytoplasm is compared between the various cell lines. (WT, HeLa/
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apoptosis such as DNA fragmentation. It has been reported

that the expression of FADD and procaspase-8 can affect

the cellular sensitivity to Fas stimulation [35]. Thus, we

examined the expression of these molecules before and 6 h

after Fas stimulation. Western blotting analysis showed no

significant increase in the protein level of FADD, procas-

pase-8 and procaspase-3 (Fig. 6). As expected from the

hypersensitivity experiments to Fas, cleavage of caspase-8

in response to Fas stimulation was prominent in the SBDS-

knockdown cells (Fig. 6).

Next, we studied whether the Fas hypersensitivity of

SBDS-knockdown cells is due to low expression of pro-

teins, which suppress Fas-mediated apoptosis: e.g., XIAP,

c-FLIPL, c-FLIPS and Erk. However, there was no sub-

stantial decrease in the levels of these inhibitors in the

SBDS-knockdown cells compared to the control cells (Data

not shown).

Accumulation of Fas at the plasma membrane is not

associated with a defect in its internalization

Decreased Fas internalization can lead to increased Fas

accumulation at the plasma membrane level. Although Fas

internalization is required for Fas signaling, hypersensi-

tivity to Fas stimulation was described when Fas

internalization was partially impaired and led to sustained

availability of Fas to bind Fas ligand [26]. We thus studied

whether Fas internalization is impaired in the SBDS-

knockdown cells. We used standard Fas activation with

CH11 followed by incubation in culture medium at warm

temperature to induce internalization of the receptor. The

rates of Fas internalization in HeLa/shSBDS-1 (80%) and

in HeLa/shSBDS-3 (70%) cells were not decreased com-

pared to HeLa/WT (50%) and HeLa/shSCR (50%) cells

(Fig. 7). In fact, there was slight increase in Fas internal-

ization in the SBDS-knockdown cells, which may reflect

the increase activation of the receptor.

Expression of Fas-trafficking related proteins

Since it has been reported that interferon-c induces Fas

trafficking to cell surface through activation of PI3K and

Akt or Jak2 and Stat1 in vascular smooth muscle cells [46],

we further examined the expression of these proteins in

SBDS-knockdown and control cells. However, the expres-

sion of all the proteins was not increased in SBDS-

knockdown cells in comparison to the control cells

(Supplemental Data Fig. 3 and data not shown), suggesting

that these proteins may not play a role in cell surface

accumulation of Fas in SBDS-deficient cells. Similarly,

expression of dynamin 1/2 and FAP1, which are also

involved in Fas trafficking, were comparable between the

SBDS-knockdown and control cells (Data not shown).

Fas mRNA expression

Since total Fas protein levels in SBDS-knockdown cells

were similar to controls, we anticipated finding no dysreg-

ulation of Fas at the mRNA levels. Indeed, total Fas mRNA

levels as determined by real-time PCR in the SBDS-

knockdown cells (Fig. 8a) and marrow cells from SDS

patients (Fig. 8b) were similar to those of controls. Next, we

asked whether SBDS-deficient cells expressed a functional

Fas transcript and what its expression level was. We studied

the transcripts that are expressed in the SBDS-knockdown

cells by amplification of Fas using primers that flank the

entire open reading frame and cloned the PCR products into

pCR 2.1-TOPO vector (Invitrogen). After propagation into

DH-a Escherichia coli cells, we analyzed 20 clones from

each cell types by amplification and digestion with BamHI.

We found similar types of transcripts in the SBDS-knock-

down and controls cells, and the major transcript in all cell

types was transcript 1 (Data not shown). To quantify the

relative expression of transcript 1, we performed multiplex

PCR. The primer set amplifies transcript 1 and 2 (Supple-

mental Data, Fig. 2), which can be recognized on an

agarose gel. The results were normalized to G3PDH as an

internal control. The expression levels of transcript 1 were

approximately 60% higher in the HeLa/shSBDS-3 (Fig. 8c)

and in SDS marrow CD33? cells (Fig. 8d) compared to the

controls. One of the healthy controls had a prominent

expression of transcript 2, which does not contain the

transmembrane domain (Fig. 8d, lane 1).

Discussion

Our current and previous studies [7, 8] showed that SBDS-

deficiency in both primary hematopoietic cells and in

shRNA-mediated SBDS-knockdown cells leads to

increased apoptosis and hypersensitivity to Fas stimulation,

WT Scr S-1 S-3

+ + + +- - - -CH-11

FADD

Caspase-8

Active Caspase-8

β-actin

Caspase-3

β-actin

Fig. 6 Western blotting of Fas signaling-related proteins in the

SBDS-knockdown and control cells before (-) and 6 h after (?)

treatment with CH-11 0.02 lg/ml. (WT, HeLa/WT; Scr, HeLa/

shSCR; S-1, HeLa/shSBDS-1; S-3, HeLa/shSBDS-3)
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suggesting that SBDS might be an important factor in

regulating the Fas-mediated apoptosis pathway. To identify

the molecular steps that lead to Fas hypersensitivity in

SBDS-deficient cells we studied herein whether SBDS loss

results in specific activation of the Fas pathway or in a

general hypersensitivity to apoptosis stimuli. Although the

TNF-a signaling pathway shares several factors with the

Fas signaling pathway, the SBDS-knockdown cells did not

show significant hypersensitivity to TNF-a, suggesting that

the mechanism for the hypersensitivity is at the receptor

level. Also, no hypersensitivity was observed to four dif-

ferent DNA damaging agents in both SBDS-knockdown

cells and primary SDS hematopoietic progenitor cells

which mainly activate the Bax apoptosis protein through

p53. This agrees with our previous data showing no sig-

nificant apoptosis through the Bax/Bcl-2/Bcl-XL pathway

primary SDS cells and in SBDS-knockdown cells [8].

Recent studies on the SBDS orthologs suggested that

SBDS is involved in RNA processing and ribosome bio-

genesis [12, 13]. If these postulated functions of SBDS

account for the accelerated apoptosis in SBDS-deficient

cells, one would expect that inhibition of either RNA

transcription or protein synthesis would results in marked

cell death. Notably, SBDS-knockdown cells were not

hypersensitive to these agents, suggesting that these pos-

tulated functions might be independent of the SBDS role in

regulating apoptosis through the Fas pathway in our cell

model. In clonogenic assays, protein synthesis inhibition by

cycloheximide did not results in differences between

patients and controls. Treatment of SDS CD34? cells with

0.5 lg/ml of a-amanitin resulted in slightly lower colony

numbers compared to CD34? from healthy subjects.

However, the difference between patients and controls was

not as marked as that observed with Fas stimulation, and

significant overlap occurred between the two groups. Thus,

whether primary marrow CD34? cells are hypersensitive

to low dose a-amanitin remains to be elucidated.

Although shRNA is now widely used as a powerful tool

to knock down genes and study their functions, caution

should be exerted not to suppress non-targeted genes [36,

37]. In our experiments, it is unlikely that the obtained

Fig. 7 Fas internalization. SBDS-knockdown and control HeLa cells

were incubated with 2 lg/ml of CH11 antibody followed by either

incubation at 37�C to induce internalization or at 4�C (no internal-

ization control). The cells were then analyzed for Fas cell surface

expression by flow cytometry. The mean internalization rates of two

separate sets of experiments are depicted at the bottom of each graph.

Mean internalization rates were defined as the ratio of the peak Fas

expression at 37�C to the peak Fas expression at 4�C 9 100. The

shaded areas represent Fas expression at 4�C, and the open areas

represent its expression after incubation at 37�C. (WT, HeLa/WT;

Scr, HeLa/shSCR; S-3, HeLa/shSBDS-3)
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Fig. 8 Fas mRNA expression. a RNA from untreated exponentially

growing SBDS-knockdown and control cells was extracted and

analyzed for Fas mRNA expression by real-time PCR. The b-actin

(ACTB) gene was used as an internal control. b Fas mRNA expression

was analyzed in RNA samples from marrow mononuclear cells by

real-time PCR. c Cellular RNA after reverse transcription was

analyzed by multiplex PCR using primers that can amplify transcript

one and two. Only transcript one could be detected in this experiment.

The ratios of Fas expression to the G3PDH internal control are shown

beneath the respective bands. d Fas transcript one and G3PDH
expression in the marrow CD33? cells from SDS patients and

controls was analyzed by multiplex PCR as described in c For marrow

CD33? cells a different set of G3PDH was necessary to successfully

amplify both FAS and G3PDH. The ratios of Fas expression to the

G3PDH internal control are shown beneath the respective bands.

(WT, HeLa/WT; Scr, HeLa/shSCR; S-1, HeLa/shSBDS-1; S-3, HeLa/

shSBDS-3)
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results were due to nonspecific effects of the shRNA

expression cassettes because the scrambled RNA control

showed similar phenotype to the WT cells, and our two

shRNAs were carefully designed against two different

segments of SBDS gene and led to similar results. Further,

our shRNA knockdown cell models manifest very similar

apoptotic phenotype to primary SDS patient cells.

It is noteworthy that our SBDS-knockdown cells and the

scrambled RNA-expressing control cells were established

using a standard protocol by selection with geneticin,

which is a protein synthesis inhibitor. However, as the

vector used for transfection also carries a geneticin resis-

tance gene, and as the HeLa/shSCR control cells had

similar phenotype to the wild type cells, it is unlikely that

the selection process had any effect on protein synthesis.

Since the SBDS-knockdown cells are specifically hyper-

sensitive to Fas stimulation, the underlying mechanism of the

hypersensitivity should reside in molecules related to the Fas

pathway. It has been reported that the expression of Fas-

related molecules such as Fas, FADD, caspase-8 and c-FLIP

can affect the sensitivity to Fas stimulation [38–42]. Our data

clearly demonstrate that Fas abnormally accumulates at the

plasma membrane in SBDS-knockdown cells as well as in

primary marrow cells. In contrast, FADD, procaspase-8 and

procaspase-3 are not overexpressed. These later finding is in

agreement with the observation that the SBDS-knockdown

cells do not exhibit significant hypersensitivity to TNF-a,

which uses the same proteins to executer apoptosis. We also

analyzed the expression of the Fas signaling pathway

inhibitors: XIAP, Erk and c-FLIP. There was no difference in

the expression of XIAP, which inhibits caspase-3, -9 and

possibly -8 [43, 44]. The levels of total Erk and phosphory-

lated Erk levels, which suppresses the Fas pathway by

inhibition of caspase-8 [30, 45] were not reduced in the

SBDS-deficient cells. Similarly, the levels of c-FLIPS and

c-FLIPL, which compete with caspase-8 binding to FADD,

[39] were not decreased in the SBDS-knockdown cells. From

these experiments, we conclude that Fas hypersensitivity

resides in Fas accumulation at the plasma membrane level.

These latter two findings are in agreement with predominant

expression of Fas transcript 1 in SBDS-deficient cells, which

gives rise to the main Fas isoform containing a transmem-

brane domain and a death domain. Future studies with larger

number of patients will enable accurate determination of the

relative expression of this transcript to other transcripts, and

whether the slight increase in Fas transcript 1 expression in

SBDS-deficient cells is due to increased transcription,

alternative splicing or enhanced stability. Another potential

mechanism for increased accumulation of Fas at the cell

membrane levels and hypersensitivity is increased traffick-

ing. The expression of PI3K, Akt, Jak2, Stat1, and pStat1,

which induce Fas trafficking in vascular smooth muscle cells

[46], was not upregulated in SBDS-knockdown cells.

Western blotting showed no differences in the protein

expression of FAP1, which promotes Fas trafficking, and

Dyn1/Dyn2, which inhibit trafficking, although enhanced

activation of these proteins is still possible.

The results of our study suggest that loss of SBDS

protein results in abnormal subcellular redistribution of Fas

with specific localization to the plasma membrane, where it

sensitizes the cells to stimulation by Fas ligand. Although

SBDS has been postulated to function in ribosome bio-

genesis, many of the genes involved in ribosome

biogenesis, including the Diamond–Blackfan anemia rela-

ted gene, RPS19, are multifunctional, and many of them

are involved in cell cycle and apoptosis. Therefore, it is

possible that SBDS is another protein that plays a role in

both ribosome biogenesis and apoptosis. Alternatively, the

yet unknown function of SBDS in ribosome biogenesis

might be related to proteins that also regulate apoptosis

through the Fas pathway. It is possible that Fas-mediated

apoptosis is at least in part responsible for the reduced

cellularity in the bone marrow and exocrine pancreas of

SDS patients. Inhibitors of Fas or its accumulation at the

cell membrane might be used in preclinical models to study

their ability to improve cell growth in SDS.
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