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Figure 2. SBDS is required for efficient C/EBPa-p30 and C/EBPB-LIP expression. Expression of the endogenous (A) human C/EBPa (p42 and p30)
or (B) human C/EBP proteins (43 kDa LAP and 20 kDa LIP) in HL-60 cells with stable SBDS knockdown (shSBDS) or control (scrambled shRNA)
by immunoblotting, and quantification of p30/p42 or LIP/LAP ratio and qRT-PCR analysis of transcript levels at the right. The lower panels in (A)
show immunoblots of 4E-BP1, phosphorylated-4E-BP1 (P-4E-BP1), S6K1, phosphorylated-S6K1 (P-S6K 1) and B-actin as loading control to monitor
alterations in mTORCT1 signalling. Immunoblots of (C) rat C/EBPa (p42 and p30) or (D) rat C/EBPB (38 kDA LAP*, 34 kDa LAP and 20 kDa LIP)
expression in C33A cells with stable SBDS knockdown (shSBDS) and control (scrambled shRNA) transiently transfected with wild-type rat C/ebpa or
wild-type rat C/ebpf expression plasmids, respectively. Quantification of isoform ratio is shown at the top. The lower panels show immunoblots of 4E-BP1,
phosphorylated-4E-BP1 (P-4E-BP1), S6K 1, phosphorylated-S6K 1 (P-S6K 1) and B-actin as loading control to monitor alterations in mTORC]1 signalling.
(E) Immunoblot of rat C/EBPa or (F) rat C/EBPR proteins in C33A cells transiently transfected with mutated uORF-AUG (dysfunctional uORF) rat
C/ebpa or - cDNA expression vectors. Statistical differences in the mRNA levels and isoform ratios were determined by Student’s #-tests. Error bars

42KkDa 1.

represent +SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.005.
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Figure 3. Loss of SBDS function specifically affects translation re-initiation. (A) Representation of the p42- or LAP-Renilla luciferase and p30- or LIP-
Firefly luciferase reporters. Renilla luciferase expression from the p42/LAP-reporters results from translation-initiation omitting the uORF, while Firefly
luciferase expression from the p30/LIP-reporters is achieved through uORF-mediated translation re-initiation (30). (B) C33A cells with stable SBDS
knockdown (shSBDS) or control cells (scramble shSBDS) were transiently transfected with the p42-Renilla or p30-Firefly (graphs at the left) or LAP-
Renilla or LIP-Firefly (graphs at the right) reporters, and co-transfected with respective complementary Renilla or Firefly luciferase control expression
vectors. The bar graphs show luciferase values of the p42- and p30-reporters and the p30-Firefly/p42-Renilla ratio, and of the LAP- and LIP-reporters and
the LIP-Firefly/LAP-Renilla ratio. Immunoblots of SBDS and B-actin loading control are shown at the far right. (C) C33A cells with stable SBDS
knockdown (shSBDS) were either cotransfected with empty vector control (EV) or SBDS expression vector and subjected to transient transfection with
reporter constructs as described in (B). (D) C33A cells were stably transfected with SBDS expression vector or EV and subjected to transient transfection
with reporter constructs as described in (B). Statistical differences were analysed by Student’s z-tests. Error bars represent +SD (n = 4), *P < 0.05, ***P
< 0. 005.
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affect the levels of the individual reporters, resulting in simi-
lar p30-Firefly/p42-Renilla or LIP-Firefly/LAP-Renilla ra-
tios (Figure 3D).

Therefore, collectively our experiments with C/EBPa
and -B cDNAs and the related reporter systems suggest that
SBDS levels affect uUORF-mediated translation re-initiation
but have no significant effect on regular translation initia-
tion.

SBDS knockdown reduces MYC expression through
C/EBPa p30/p42 ratio

MYC is required for the proper balance between
haematopoictic stem cell self-renewal and differentia-
tion (36). Conditional elimination of Myc in the bone
marrow (BM) of mice results in severe cytopenia and
accumulation of HSCs (37). Deregulated activation of
MYC has been found in many types of human lymphoma
and leukaemia (38). M YC mRNA expression is regulated
by p42 through the inhibitory interaction with E2F at
the MYC promoter while p30 fails to do so (25,39,40).
For example, treatment of HL-60 cells with the growth
arrest and apoptosis inducing drug CDDO (2-Cyano-3,12-
dioxooleana-1,9-dien-28-oic acid) causes a translational
upregulation of C/EBP« accompanied by a translational
downregulation of p30 and an increase in the p42/p30
ratio, which results in strong reduction of MYC mRNA
levels associated with inhibition of proliferation and induc-
tion of neutrophil differentiation (41). In HL-60 cells with
stable SBDS knockdown and concomitant reduction of the
C/EBPa p30/p42 and C/EBPB LIP/LAP ratios (Figure
2A and B) the expression of M YC protein and mRNA was
decreased (Figure 4A and B). To examine whether down-
regulation of p30 is required for MYC suppression, we
overexpressed a flag-tagged C/EBPa-p30 (p30flag) protein
in HL-60 cells. Overexpression of p30flag rescued MYC
protein and mRNA expression in HL-60 cells with stable
SBDS knockdown (Figure 4C and B), showing that M YC
expression depends on p30. Similarly, cell multiplication
was reduced upon SBDS knockdown in HL-60 cells, which
could be restored by p30flag overexpression (Figure 4D).

To corroborate our data and literature (39) suggesting
that p42 inhibits MYC expression, we examined MYC
expression in a K562 chronic myeloid leukaemia (CML)
cell line stably expressing a C/EBPa-p42-estrogen receptor
(p42ER) fusion protein (39). Proteins fused to an oestro-
gen receptor domain (ER) are sequestered in the cytoplasm
through binding to heat shock proteins (HSPs). Addition of
the oestrogen receptor ligand B-estradiol to the cell culture
medium results in relocation of p42ER to the nucleus and
activation of C/EBPa-p42-transcriptional functions. Acti-
vation of p42ER by B-estradiol addition resulted in strong
repression of MYC mRNA and protein, which was asso-
ciated with reduced proliferation capacity (Supplementary
Figure S2A—C). In the control experiment, activation of the
unfused ER domain had no effect on M YC expression or
cell proliferation (Supplementary Figure S2D-F).

To substantiate the association between expression of
p30 and MYC, we reduced p30 expression by inhibition of
mTOR signalling (22). Treatment of HL-60 cells with the
mTOR inhibitor PP242 resulted in a reduced p30/p42 ra-

tio, reduction of MYC mRNA and protein expression and
reduced proliferation capacity (Figure 4E-G). Overexpres-
sion of p30flag rescued both MYC mRNA and protein lev-
els despite the inhibition of mTOR by PP242 (Figure 4H
and I). The proliferation capacity was partially restored by
p30 overexpression (Figure 4J) suggesting that the C/EBP«
isoform ratio is decisive for MYC expression in HL-60 cells
which however only partially contributes to mMTORCI me-
diated proliferation control. Collectively the data suggest
that MYC expression is regulated by SBDS through trans-
lational regulation of the p30/p42 C/EBPa isoform ratio.

Deregulation of C/EBP« p30 expression impedes neutrophil
differentiation

HL-60 cells differentiate into the neutrophil lineage in re-
sponse to ATRA treatment. During differentiation, the ex-
pression of p30, but not of p42 was reduced, resulting in a
strong reduction in the p30/p42 ratio (Figure 5A). Tran-
script levels of C/EBPa were reduced at the final day 6
(Figure 5B). MYC mRNA and protein levels rapidly and
strongly declined during differentiation (Figure 5A and B).
Intriguingly, SBDS mRNA and protein levels were also re-
duced during differentiation (Figure SA and B), as reported
for other cell lines (42-44). Overexpression of p30flag re-
sulted in delayed suppression of MYC mRNA (Figure 5A)
and protein (Figure 5C). In addition, endogenous p30 and
SBDS expression are delayed (Figure 5B and C). Further-
more, overexpression of p30flag is sufficient to sustain pro-
liferation of HL-60 cells during ATRA treatment (Figure
5D). Compared with control HL-60 cells, at day seven of
ATRA treatment p30flag overexpression induced a signif-
icant reduction in the number of terminally differentiated,
proliferation-arrested cells, with expansion of proliferative
myelocytes to more than 20% (Figure 5E). Finally, SBDS
knockdown did not alter ATRA-induced differentiation of
HL-60 cells (Figure 5F).

DISCUSSION

Recent studies have defined the role of SBDS in ribosome
maturation (9,10,13). However, so far a clear connection be-
tween reduced ribosomal SBDS function in SDS patients,
deregulated translation and the disease phenotype is lack-
ing. Our data for the first time demonstrate that translation
of specific mRNAs, namely the C/EBPx and - mRNAs,
is affected by loss of SBDS function. Different isoforms,
full-length (p42 and LAP) and truncated (p30 and LIP), are
translated from both C/EBP« and -8 mRNAs through the
use of different translation initiation sites. Interestingly, re-
duced SBDS function by either shRNA mediated knock-
down or by mutations in SDS patient-derived B-lymphoid
cells affected in particular translation re-initiation into the
truncated p30 and LIP isoforms leaving translation into
the full-length isoforms by regular initiation largely unaf-
fected. The same reduction in re-initiation but not initi-
ation by SBDS knockdown was observed with luciferase
reporters mimicking C/EBPa-mRNA (p42/p30 reporters)
or C/EBPB-mRNA (LAP/LIP reporters) regulation, ren-
dering it independent of effects on protein turnover. More-
over, re-initiation from the reporters was restored in SBDS
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Figure 4. SBDS-dependent C/EBPa p30/p42 isoform ratio regulates MYC expression and cell proliferation in HL-60 cells. (A) Immunoblots showing
endogenous MYC, C/EBPa, SBDS and a-Tubulin (loading control) protein expression in HL-60 cells with stable knockdown of SBDS (shSBDS) or
control (scrambled shRNA). Quantification of the p30/p42 isoform ratio and MYC protein levels are shown on the right panel. (B) qRT-PCR analysis
of endogenous M YC mRNA expression level in HL-60 cells and HL-60-p30flag overexpressing cells with stable knockdown of SBDS (shSBDS) or con-
trol (scrambled shRNA). (C) HL-60 cells stably overexpressing C/EBPa-p30flag and knockdown of SBDS (shSBDS) or control (scrambled shRNA).
Immunoblot shows endogenous MYC, C/EBPa, SBDS and a-tubulin (loading control) protein expression. Quantification of the p30/p42 isoform ratio
and MYC protein levels are shown on the right panel. (D) Cell multiplication assay with HL-60 cells expressing scrambled shRNA (control), shSBDS
(SBDS knockdown), shSBDS,/C/EBPa-p30flag or scrambled sitRNA/C/EBPa-p30flag. Seven days after seeding 5 x 10° cells, cells were harvested and
counted. Different letters (a, b, c, d) indicate significant differences in cell numbers determined by one-way-ANOVA. Error bars represent £SD (n = 3), P
< 0.05. (E) HL-60 cells were treated with 1 uM PP242 or DMSO as a control for 48 h. Immunoblots show expression of MYC, p42, p30flag, p30, p4E-
BP1, 4E-BP1, SBDS and a-Tubulin (loading control). The phosphorylation levels of 4E-BP1 indicate mTORCI activity. Quantification of the p30/p42
isoform ratio and MYC protein levels are shown on the right panel. (F) Endogenous M YC mRNA levels by qRT-PCR. (G) Cell multiplication assay with
HL-60 cells incubated with 1 M PP242 or DMSO (solvent). Seven days after seeding 5 x 103 cells, cells were harvested and counted. (H) HL-60-p30flag
overexpressing cells were treated with 1 wM PP242 or DMSO for 48 h and expression of MYC, p42, p30flag, p30, p4E-BP1, 4E-BP1, SBDS and a-Tubulin
(loading control) was examined by immunoblotting. Quantification of the p30/p42 isoform ratio and MYC protein levels are shown on the upper panel.
(I) Endogenous M YC mRNA transcription levels and (J) the proliferation capacity were measured as described above. For all panels except for panel D,
statistical differences were determined by Student’s ¢-tests. Error bars represent +SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.005.
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Figure 5. SBDS dependent C/EBPa-p30 expression regulates M YC expression and cell proliferation during neutrophil differentiation. (A) HL-60 cells
undergo neutrophil differentiation with 5 wM ATRA treatment. Immunoblots show expression of MYC, p42, p30, SBDS and a-tubulin (loading control)
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C/EBPa-p30flag (right). (D) Cell multiplication assay with HL-60 or HL-60 cells expressing C/EBPa-p30flag treated with 5 uM ATRA at day 0. At day 0,
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5 wM ATRA for 7 days (D7). For (E) and (F) Giemsa staining was used for morphological analysis (magnification x200). At the right, the distribution of
neutrophil phenotypes is shown. All asterisks indicate significant differences between control cells and p30flag overexpressing cells or control and sZ4SBDS
expressing cells determined by Student’s ¢-tests. Error bars represent +SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.005.
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knockdown cells by ectopic overexpression of SBDS. This
suggests that reduced SBDS function does not in general af-
fect all translation events but may specifically affect trans-
lation re-initiation. Prerequisite for translation re-initiation
at the p30 and LIP initiation codons is an initial transla-
tion of a cis-regulatory small uORF in the C/EBP« and -
B mRNAs. This generates post-termination ribosomal sub-
units that are able to scan the mRNA further to the down-
stream initiation codon and re-initiate translation.

So far we do not know which step of the C/EBPa/f
mRNA-specific translational event is inhibited by the re-
duced SBDS function. It may involve reduced recognition
of the uORF initiation codon, efficiency of re-initiation
at the downstream initiation codon or scanning along
the mRNA following uORF translation. It seems that re-
initiation after uUORF translation is regulated by different or
additional mechanisms compared to general cap-dependent
translation initiation and we are only at the beginning of un-
derstanding the underlying mechanisms. For example, for
Drosophila it was shown that the DENR-MCT-1 complex
specifically affects re-initiation events after uUORF transla-
tion of a specific set of mRNAs in proliferating cells (45),
and in Arabidopsis elF3H is required for mTOR-mediated
translation re-initiation (46). Future experiments have to
address the molecular basis of the effect of SBDS deple-
tion on C/EBPa and - mRNA translation. In addition it
will be interesting to see whether the translation of other
mRNAs harbouring uORFs that promote re-initiation are
sensitive to reduced SBDS function. Genome-wide ribo-
some profiling could reveal transcripts and specific trans-
lation modes that are affected by loss of SBDS function.
SBDS promotes a conformational switch in the GTPase
EFLI1 that displaces elF6 from the 60S subunit by compet-
ing for an overlapping binding site (12). Displacement of
elF6 allows joining of the 60S and 40S subunits to gener-
ate actively translating 80S ribosomes. In addition, it was
postulated based on in vitro reconstitution experiments that
elF6 may act in the dissociation of post-termination ribo-
somes and thereby stimulates ribosomal subunit recycling
(47). It has been shown recently that experimental reduc-
tion of eIF6 levels reduce expression levels of LIP (48). The
authors discuss the possibility that the anti-association ac-
tivity of elF6 is required to circumvent formation of inac-
tive 80S after uORF translation termination and allowing
post-termination 40S to re-initiate at a downstream initi-
ation codon. If eIF6 is indeed required for keeping post-
termination 40S ribosomal subunits free for re-initiation at
downstream sites then SBDS would facilitate this by releas-
ing elF6. However, other yet to be identified mechanisms
could be responsible for the regulation of p30 and LIP ex-
pression by SBDS.

Another important question addresses the biological
consequence of reduced C/EBPa and -B truncated iso-
form expression in the context of SBDS deficiency. Unfor-
tunately, the SDS patient derived B-cells and the wild-type
SBDS control cells do not express endogenous C/EBPa.
Therefore, we examined the biological effects of reduced
SBDS function in the promyelocytic leukaemia cell line HL-
60 in response to shRNA mediated SBDS knockdown be-
cause this cell line expresses both C/EBPa and -8 endoge-
nously. Knockdown of SBDS delayed increase in viable cells

Nucleic Acids Research, 2016 11

counts compared to control shRNA-expressing cells, indi-
cating that cell proliferation was attenuated in the SBDS
knockdown cells. Attenuation of cell proliferation corre-
lated with the decreased expression of the proto-oncogene
MYC both at the mRNA and protein level in response
to SBDS knockdown. The effect on MYC protein levels
seems to be much stronger than observed for mRNA lev-
els (Figure 4, A, C and E), suggesting that additional reg-
ulation at the post-transcriptional level may be involved. It
has been shown earlier that M YCis a transcriptional target
of both C/EBPa and - and that the full-length isoforms
act as repressors of M YC transcription (25,32). Further-
more, alteration of the C/EBPa isoform ratio through treat-
ment of HL-60 cells with the drug CDDO that downregu-
lates p30 expression strongly reduces M YC mRNA levels
and inhibits proliferation (41), similar to what we observed
in response to the reduction of p30 expression through
mTOR inhibition. Therefore, we hypothesize that the al-
tered C/EBPa ratio in response to SBDS knockdown leads
to the inhibition of MYC expression, which then results
in the attenuation of proliferation. This hypothesis is sup-
ported by the observation that constitutive expression of the
p30flag isoform restores both MYC expression and prolif-
eration in SBDS knockdown cells. Interestingly, decreased
MYC mRNA levels were also observed in embryonic brain,
liver, cartilage and bone tissue from an SDS mouse model
(compound heterozygotes for SBDS null and SBDS-R126T
alleles) and in the pancreas of a pancreas-specific version of
this SDS mouse model. Decreased MYC expression in the
pancreas was, however, shown to depend on the upregula-
tion of p53 upon loss of SBDS function (49). HL-60 cells
don’t express functional p53 indicating that impairment of
SBDS function might result in the downregulation of MYC
and inhibition of proliferation by a different mechanism,
which as we propose is the changed C/EBP isoform ratio.
Both p42 and LAP have been shown to inhibit cell prolifer-
ation through repression of E2F target genes, while p30 and
LIP counteract this function and thereby support prolifer-
ation (31,50). Therefore, apart from the downregulation of
MYC, the reduced expression of other E2F target genes in
response to the changed C/EBPa/f isoform ratio is proba-
bly involved in slowing down cell proliferation upon SBDS
deficiency.

A prominent feature of SDS patients is bone marrow fail-
ure associated with neutropenia. Such a neutropenia could
be caused by a failure of progenitor cells to either differ-
entiate or to proliferate because the latter situation would
strongly reduce the number of cells that undergo differentia-
tion. Contradicting results have been published concerning
the cause of neutropenia. Studies using shRNA-mediated
downregulation of SBDS expression in murine hematopoi-
etic progenitors or using an sbds deficient mouse model with
deletion of SBDS predominantly in the myeloid lineage sug-
gest that loss of SBDS interferes with terminal differentia-
tion of neutrophils (51,52). Although the exact mechanism
of this differentiation block is not known, it is accompanied
with reduced expression of the myeloid transcription factor
retinoid acid receptor « mRNA, upregulation of p53 and in-
duction of apoptosis (52). On the other hand, it was shown
that haematopoietic progenitors derived from SDS patients
have proliferation defects (42). Similarly, SBDS knockdown
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in the 32D myeloblast cell line resulted in reduced prolifera-
tion without affecting differentiation (44). The observation
that SBDS expression is high in undifferentiated 32D cells
but decreases upon differentiation (44) also speaks in favour
for a function in proliferating cells.

C/EBPa is a decisive factor for neutrophil differentiation
that at the same time is involved in proliferation control. Its
deletion in mice results in a block in granulocyte differen-
tiation and enhanced self-renewal capacity of haematopoi-
etic stem cells (53). The p42 isoform of C/EBP«a induces the
transcription of CSF3R, C/EBPe and NE (neutrophil elas-
tase), which are decisive for differentiation (24,54). On the
other hand, mutations of C/EBPa have been detected in
AML patients, some of the mutations resulting in expres-
sion of only the truncated isoform and preventing expres-
sion of the p42 isoform (55). Knockin mice expressing only
p30 isoform develop leukaemia and it has been suggested
that p30 acts as a negative inhibitor of p42 by blocking the
expression of differentiation related genes and by stimulat-
ing proliferation (26).

Interestingly, during the differentiation of HL-60 cell, we
observed downregulation of SBDS expression similarly to
what has been shown in 32D cells (44) with high levels of
SBDS correlating with high levels of p30 and high levels
of MYC in the early phase where the cells still proliferate.
However, at later stages of the differentiation process when
cells stop proliferating, SBDS was downregulated concomi-
tantly with p30 and MYC. Thus, our results support the
idea that in SDS patients the reduced levels of SBDS protein
preferentially affect cell proliferation and thus expansion of
the early progenitor pool rather than the differentiation pro-
cess per se.
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