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Multiple transcriptional and epigenetic changes drive differentiation of embryonic stem cells (ESCs). This study
unveils an additional level of gene expression regulation involving noncanonical, cap-independent translation of a
select group of mRNAs. This is driven by death-associated protein 5 (DAP5/eIF4G2/NAT1), a translation initiation
factor mediating IRES-dependent translation. We found that the DAP5 knockdown from human ESCs (hESCs) re-
sulted in persistence of pluripotent gene expression, delayed induction of differentiation-associated genes in dif-
ferent cell lineages, and defective embryoid body formation. The latter involved improper cellular organization, lack
of cavitation, and enhanced mislocalized apoptosis. RNA sequencing of polysome-associated mRNAs identified
candidates with reduced translation efficiency in DAP5-depleted hESCs. These were enriched in mitochondrial
proteins involved in oxidative respiration, a pathway essential for differentiation, the significance of which was
confirmed by the aberrant mitochondrial morphology and decreased oxidative respiratory activity in DAP5
knockdown cells. Further analysis identified the chromatin modifier HMGN3 as a cap-independent DAP5 trans-
lation target whose knockdown resulted in defective differentiation. Thus, DAP5-mediated translation of a specific
set of proteins is critical for the transition from pluripotency to differentiation, highlighting the importance of cap-
independent translation in stem cell fate decisions.
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Death-associated protein 5 (DAP5/eIF4G2/NAT1) is a
member of the eIF4G translation initiation factors, which
assemble on the mRNA’s 5′ cap structure as the preinitia-
tion complex (Imataka et al. 1997; Levy-Strumpf et al.
1997; Shaughnessy et al. 1997; Yamanaka et al. 1997).
eIF4G is a scaffold for binding eIF4E, the cap recognition
factor; eIF4A, the RNA helicase; eIF3, which recruits the
40S ribosome; and poly(A)-binding protein (PABP).
DAP5, however, lacks eIF4G’s N terminus, including
the eIF4E- and PABP-interacting domains, and is thus in-
capable of mediating cap-dependent translation (Imataka
et al. 1997; Levy-Strumpf et al. 1997; Yamanaka et al.
1997; Liberman et al. 2015). Rather, it mediates cap-inde-
pendent translation through a mechanism involving the
recruitment of the ribosome directly to specific mRNAs

that contain an internal ribosome entry site (IRES) in their
5′ untranslated region (UTR). DAP5 stimulates IRES-de-
pendent translation of cellular mRNAs in rabbit reticulo-
cyte lysates (RRLs) but is completely dispensable for cap-
dependent translation (Liberman et al. 2015). In cells,
DAP5 supports IRES-driven translation of c-Myc, Apaf-
1, c-IAP2, and p53 under apoptotic or stress conditions
(Henis-Korenblit et al. 2002; Nevins et al. 2003; Warnaku-
lasuriyarachchi et al. 2004; Lewis et al. 2008; Weingarten-
Gabbay et al. 2014) and, in nonstressed cells, drives IRES-
mediated translation of Bcl-2 and CDK1 during the mitot-
ic phase of the cell cycle (Marash et al. 2008). DAP5 itself
contains an IRES in its 5′ UTR, thus creating a positive
autoregulatory loop enabling its continuous translation
under conditions in which cap-dependent translation is
compromised (Henis-Korenblit et al. 2000; Lewis et al.
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2008). Notably, a recent study showed thatDAP5 also par-
ticipates in the translation of specific mRNAs in quies-
cent cells and immature oocytes through interactions
with an FXR1a–miRNP complex that binds the 3′ UTR
(Bukhari et al. 2016).

DAP5 knockout mice die at an early stage of gastrula-
tion (Yamanaka et al. 2000), and, similarly, knockdown
of the zebrafish DAP5 ortholog leads to impaired meso-
derm formation and early embryonic lethality (Nousch
et al. 2007). In addition, DAP5−/− mouse embryonic
stem cells (mESCs) showed defective differentiation in re-
sponse to retinoic acid (RA) or when grown as teratomas
(Yamanaka et al. 2000). The molecular mechanisms driv-
ing this critical effect of DAP5 on early embryogenesis
and differentiation and whether they result from DAP5′s
function as a translation factor have not yet been explored.

ESCs are pluripotent cells derived from the inner cell
mass of blastocyst stage embryos (Thomson et al. 1998).
They are maintained in a stable, self-renewing state and
can differentiate into all cell types. Self-renewal and pluri-
potency are maintained by a complex regulatory network
controlled mainly by master transcription factors, which
in turn regulate other transcription factors, epigenetic
modifiers, and signal transduction pathways. Differentia-
tion and lineage specification involve major changes in
gene expression, and significant progress has been made
in understanding the transcriptional and epigenetic fac-
tors regulating these processes (for review, see Orkin and
Hochedlinger 2011; Young 2011; Yeo and Ng 2013). Less
is known about regulatory processes operating at the
protein translation level, although initial studies have sug-
gested that there is a global increase in protein translation
and expression levels in differentiated cells and embryoid
bodies (EBs) (Sampath et al. 2008; Novak et al. 2012). Con-
versely, undifferentiated human ESCs (hESCs) have lower
levels of protein synthesis (Easley et al. 2010) and reduced
activity of mTORC1, which may be responsible for re-
duced cap-dependent translation at this stage (Sampath
et al. 2008; Easley et al. 2010; Tahmasebi et al. 2014). We
hypothesized that, in pluripotent cells, under these condi-
tions of parsimonious translation, noncanonical transla-
tion mechanisms may selectively increase the synthesis
of particular proteins essential for facilitating the transi-
tion toward differentiation. We tested this hypothesis by
examining DAP5′s role as a cap-independent translation
factor in hESC differentiation. We found that knockdown
of DAP5 impaired differentiation in multiple differentia-
tionmodels, concomitantwith a reduced capacity to drive
cap-independent translation. Polysomal RNA sequencing
(RNA-seq) of DAP5 knockdown hESCs yielded a set of
potential DAP5 targetmRNAswith reduced translational
efficiency, including a group of mitochondrial oxidative
phosphorylation proteins and the nucleosome-binding
protein HMGN3. HMGN3 was validated as a direct tar-
get of DAP5-mediated cap-independent translationwhose
knockdown partially phenocopied DAP5 knockdown.
We suggest that selective translation of proteins through
a cap-independent mechanism represents a new level of
regulation of gene expression controlling the transition
from pluripotency to differentiation.

Results

DAP5-depleted hESCs fail to differentiate in response
to multiple stimuli

To study the functional role of DAP5 in ESC differentia-
tion, we generated stable DAP5 knockdown cells by lenti-
virus infection of H9 hESCs with DAP5 or control
nontargeting (NT) shRNA.When grownunder undifferen-
tiated conditions, DAP5 knockdown cells did not differ
from controls inmorphology, overall growth kinetics, kar-
yotype, proliferation rates, or cell cycle distribution (Fig.
1A; Supplemental Fig. S1A–C). mRNA expression levels
of pluripotent genes did not significantly differ between
NT and DAP5 knockdown cells, with the exception of
GDF3, whose mRNA levels increased (Fig. 1B). Similarly,
immunostaining for pluripotent markers Nanog, Oct4,
and Rex-1 indicated similar intensity and distribution
over the whole colony (Fig. 1C; Supplemental Fig. S1D).

hESCs undergo a directed differentiation program to
neural progenitor cells in response to RA, upon which
pluripotent gene expression is suppressed concomitantly
with the induction of differentiation-associated genes
(Dhara and Stice 2008). RA treatment did not affect
DAP5 protein expression in H9 cells or cells expressing
either NT shRNA or NT siRNA (Fig. 1E; Supplemental
Fig. S2A,B).Notably,DAP5knockdowncells showed a sig-
nificantly more moderate reduction in NANOG mRNA
levels compared with NT hESCs upon treatment with
RA (Fig. 1D). This was confirmed at the protein level by
Western blotting for Nanog and Oct4, a second pluri-
potent marker whose protein expression declines more
gradually following RA treatment (Fig. 1E). In parallel,
the RA-induced increase in early differentiation-associat-
ed gene expression (namely,HOXA1 andRARB) was com-
promised by the knockdown of DAP5 (Fig. 1D). Similar
results were observed upon transient transfection of H9
cells with siRNA to DAP5 (Supplemental Fig. S2B). Im-
portantly, reintroduction of exogenousDAP5 to the stable
shRNA-expressing cells or DAP5 siRNA transfected cells
increased HOXA1 and RARB mRNA expression to levels
similar to those of the NT control cells (Fig. 1F; Supple-
mental Fig. S2C). Reintroduction of DAP5 into DAP5
shRNA knockdown cells also partially restored the de-
cline in Nanog protein levels, which was compromised
upon DAP5 depletion (Fig. 1F, right panel). This indicates
that hESCs require DAP5 for the reported changes in gene
expression that occur in response to RA. Extending this
finding to additional stimuli indicated that various dif-
ferentiation markers were suppressed in DAP5 knock-
down compared with NT hESCs in response to BMP4,
which triggers hESC differentiation to mesodermal line-
ages (Supplemental Fig. S2D).

To further show that the effect of DAP5 depletion on
differentiation can be generalized to other differentiation
programs, hESCs were induced to form EBs. In NT knock-
down EBs, as expected, Nanog and Oct4 mRNA and pro-
tein levels started to drop at 3 d of EB formation and
were then turned off completely. In contrast, the decline
was delayed in DAP5 knockdown EBs, and the expression
of these markers persisted for up to 3 wk of EB formation
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Figure 1. Phenotypic and molecular characterization of DAP5 knockdown hESCs. (A) Light microscopic images of NT and DAP5
shRNA-expressing hESCs grown onmouse embryonic fibroblast (MEF) feeder cells. (B) Quantitative real-time PCRwas performed on non-
differentiatedNT shRNA-expressing or DAP5 shRNA-expressing hESCs. For each gene, themRNA level of the NT knockdown cells was
set at 1. Shown aremeans ± SD of independent biological duplicates. Statistical significance between pairswas determined by t-test. (∗) P <
0.005; others are not significantly different. (C ) NT and DAP5 knockdown hESC colonies were immunostained for plutipotent markers
Nanog andOct3/4. DAPI was used to stain nuclei. (D) RelativemRNA levels ofNANOG,HOXA1, andRARB inNTorDAP5 knockdown
hESCs treated with RA at the indicated concentrations for 48 h. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.005; (∗∗∗∗) P < 0.0005. (E) Western blot of
wild-type H9 (−), control (NT), and DAP5 shRNA-expressing cells undifferentiated or treated with 100 nM RA for 48 h, showing expres-
sion of DAP5 and pluripotentmarkersNanog andOct4. GAPDHwas used as loading control. (F ) NT andDAP5 shRNAhESCswere trans-
fected with control mCherry or DAP5 plasmids and then treated with RA for 24 h. RT–PCR was performed to quantify mRNA levels of
HOXA1 and RARB, and protein levels of Nanog were monitored by Western blotting. Densitometric analysis of Nanog protein levels,
normalized to GAPDHprotein levels, is presented below the blots. In the graphs inD and F, data are presented asmean ± SD of triplicates,
with statistical significance determined by t-test.
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(Fig. 2A,B). Immunostaining for Nanog confirmed that it
was expressed throughout the DAP5 knockdown EBs, as
opposed to the reduced staining in control EBs (Fig. 2C).
Similar effects on TRA-1-60 protein levels were observed
upon FACS analysis (Supplemental Fig. 3A). A more com-
prehensive assessment of pluripotent markers using gene
arrays in DAP5 and NT knockdown EBs revealed that
most retained abnormally high levels of mRNA expres-
sion in DAP5 knockdown day 10 EBs compared with un-
differentiated cells (Fig. 2D). The same results were
obtained upon knockdown of DAP5 in the H1 hESC line
(Supplemental Fig. S3B). Altogether, the failure to sup-
press pluripotent genes appears to be a robust outcome
of loss of DAP5 expression.

Histological examination of EB sections indicated
that DAP5 knockdown cells failed to form the pseudo-
stratified columnar epithelial layer and the surrounding
basement membrane, as revealed by H&E (Fig. 3A) and
laminin (Supplemental Fig. S4A) staining. In addition,
no organized cavitation was observed in DAP5 knock-
down EBs, unlike NT and parental H9 cells EBs (Fig. 3A,
day 14; Supplemental Fig. S4B). Surprisingly, numerous
cells with apoptotic morphology were observed in
DAP5-depleted EBs upon DAPI staining of nuclei (Fig.
3B), which was confirmed by staining for active caspase-
3 (Fig. 3C). In control EBs, fewer apoptotic cells were
observed, and these were restricted to the cavity, as de-

scribed previously (Coucouvanis and Martin 1995). In
contrast, in DAP5 knockdown EBs, apoptotic cells were
detected throughout the EB, up to its periphery (Fig. 3B,
C). Furthermore, caspase-3-positive cells were TRA-1-
60-positive (i.e. undifferentiated cells), whereas, in NT
knockdown EBs, caspase-3-positive cells were mostly
TRA-1-60-negative (Supplemental Fig. S4C). The same
phenotype was observed in H1 DAP5 knockdown EBs
(Supplemental Fig. S4D). Western blotting for active cas-
pase-3 and the cleavage of its substrate, ICAD, indicated
earlier and stronger activation of apoptosis in the DAP5
knockdown EBs (starting at day 7 of EB formation com-
pared with day 14 in the control EBs) (Fig. 3D). Interesting-
ly, enhanced apoptosis was observed only in EBs; when
compared with NT cells, DAP5 knockdown hESCs did
not show any increase in caspase-3 activation upon differ-
entiation by RA (Supplemental Fig. S4E). Thus, depletion
of DAP5 only primes hESCs to apoptosis in the context of
EB differentiation.

Addition of Q-VD, a peptide inhibitor of caspase-3
(Caserta et al. 2003), attenuated nuclear fragmentation
in DAP5 knockdown EBs (Fig. 3E) and processing of cas-
pase-3 on Western blots (Fig. 3F). However, while cavit-
ation of H9 and NT knockdown cells was blocked by
Q-VD (Fig. 3E; Supplemental Fig. S4F), the cellular disor-
ganization and impaired differentiation morphology of
the DAP5 knockdown EBs were not reversed (Fig. 3E).

Figure 2. DAP5 depletion blocks the suppression of pluripotent protein expression in differentiating EBs. (A) Relative mRNA levels of
NANOG andOCT4 fromNT or DAP5 knockdown cells in the undifferentiated state or from EBs grown for the indicated number of days.
Data are presented as mean ± SD of triplicates. Statistical significance was determined by t-test. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.005.
Note that the increase inNANOG andOCT4 expression in DAP5 knockdown on day 3 comparedwith undifferentiated is not significant.
(B) Western blot of NT and DAP5 knockdown hESCs comparing the expression levels of Oct4 and Nanog in undifferentiated cells and on
days 3, 7, 14, and 21 of EB formation. GAPDH was used as loading control. (Due to the size range being similar to that of Oct4, the same
lysateswere run on a separate parallel gel and blotted forNanog.) (C ) Cryosections of 7-d DAP5 andNTknockdown EBs stained for Nanog
and DAPI to visualize nuclei. (D) Quantitative real-time PCR was performed on 10-d NT or DAP5 shRNA-expressing EBs in biological
duplicates. Shown are mRNA levels of various pluripotent markers, expressed as the fold difference (±SD) between EBs and undifferenti-
ated hESCs for each gene.
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Consistent with this, Oct4 and Nanog protein levels
remained abnormally high in DAP5 EBs treated with
Q-VD at 7 d and 14 d (Fig. 3F). Thus, while the caspase in-
hibitor blocked the cell death response toDAP5 depletion,
it did not rescue the failure to silence pluripotent gene
expression, indicating that excessive cell death was not
responsible for impaired differentiation.

RNA-seq of polysomal fractions to identify mRNAs
with reduced translation efficiency (TE) in DAP5
knockdown cells

To assess the established function of DAP5 as a media-
tor of IRES-dependent translation in DAP5 knockdown
cells, NT and DAP5 knockdown hESCs were transfected
with an IRES reporter construct consisting of the firefly
luciferase (FL) gene and a hairpin loop at the 5′ to prevent
readthrough from cap-dependent translation (Fig. 4A,
scheme). The DAP5 IRES (Weingarten-Gabbay et al.
2016) was used, since DAP5 is expressed in pluripotent
hESCs and is known to regulate its own IRES-dependent

translation (Henis-Korenblit et al. 2002; Marash et al.
2008). An empty hairpin-FL construct lacking an IRES
was used as a negative control. As expected, significant
luciferase activity was measured in NT cells expressing
theDAP5 IRES-FL construct but not the empty construct.
Importantly, luciferase activity was greatly reduced in
the DAP5 knockdown hESCs (Fig. 4A), suggesting that
DAP5-mediated cap-independent translation activity is
compromised in pluripotent DAP5 knockdown cells.
The challenge was then to identify the subset of

mRNAs whose TE is reduced in DAP5 knockdown
hESCs, which may be responsible for the strong pheno-
type described above. Since the deficiency was observed
in response to different differentiation triggers, it was hy-
pothesized that DAP5 “primes” hESCs toward various
lineages; that is, it may promote the translation of certain
proteins in hESCs whose functions become indispensable
when various differentiation triggers are applied. Accord-
ing to this hypothesis, DAP5′s mRNA translation tar-
gets are predicted to be (1) critical for the transition from
pluripotency to differentiation, and (2) already present in

Figure 3. DAP5knockdownEBs fail to differentiate and showenhanced apoptosis. (A) NTandDAP5 shRNA-expressing EBswere stained
withH&E at the indicated time points.Note the presence of a cavity (arrow) in control EBs but notDAP5knockdownEBs. (B) Fourteen-day
NT and DAP5 knockdown EBs were stained with DAPI. The right panels are magnifications of the boxed area in the left panels. Arrows
indicate examples of fragmented nuclei. (C ) Seven-day NT or DAP5 shRNA-expressing EBs were stained for active casapse-3 and DAPI.
(D) Western blot of NT or DAP5 knockdown EBs for apoptoticmarkers active casapse-3 and ICAD. (DAP5 and ICADwere run on separate
gels; lanes showing 3 dwere removed for consistencywith the other proteins analyzed.The lysateswere the same as used in Fig. 2B, and the
sameDAP5blot is shown.)GAPDHservedas a loadingcontrol. (E)DAPI stainingof 14-dNTandDAP5knockdownEBs treatedwithDMSO
or Q-VD-OPH. Arrow indicates cavitation, and arrowheads indicate examples of fragmented nuclei. (F ) Western blot of DAP5 and NT
knockdown EBs treated with DMSO or Q-VD on day 7 or 14. The asterisk indicates an immature processing intermediate of caspase-3.
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pluripotent hESCs. We therefore undertook an unbiased
genome-wide polysomal screen to identify mRNA targets
of DAP5whose TE is reduced in pluripotent DAP5 knock-
down hESCs.

To this end, mRNA from DAP5 and NT knockdown
hESCs was subjected to polysomal fractionation to isolate
heavy polysomes corresponding to themRNAundergoing
active translation. Analysis of DAP5-depleted and con-
trol cells showed nomajor differences in overall polysome
profile, indicating that DAP5 knockdown does not have
a major effect on global protein translation (Fig. 4B).
mRNA from fractions corresponding to heavy polysomes
were subjected to RNA-seq in biological duplicates to
determine the relative abundances of actively translated
mRNAs. Total mRNA was also sequenced to detect pos-
sible changes in gene expression upon DAP5 knockdown.

Data analysis indicated small variations between bio-
logical replicates, confirming reproducibility of the assays
(Fig. 4C). In order to identify the mRNAs whose transla-
tion depends on DAP5, the TE was calculated for each
gene by comparing the relative number of reads in the
polysomal fractions versus total mRNA to exclude varia-
tions emerging from changes in mRNA abundance. The
TE of shDAP5 samples was then compared with that of
shNT samples to obtain the differential TE (ΔTE). Out of

13,200 detected genes, 122 genes had a ΔTE showing
a statistically significant reduction of at least 1.5-fold
(Supplemental Table S1). Gene ontology analysis by the
DAVID algorithm (Huang et al. 2009a,b) indicated that
nearly half of the genes were clustered in two major func-
tional annotation groups: (1)mitochondrial proteins, espe-
cially components of the oxidative respiratory chain,
and (2) proteins involved in translation, including many
ribosomal proteins and mRNA splicing factors (Fig. 4D).
In addition, several candidates had some previously
known connection to embryogenesis and/or differentia-
tion, such as HMGN3, ANAPC5, and ZDHHC4. To as-
sess the reliability of the RNA-seq data, a small test
group was subjected to quantitative real-time PCR, con-
firming a significant change (>30% reduction) in ΔTE in
12 out of 16 genes (75%) (Supplemental Table S1).

Mitochondrial cluster

Interestingly, the list of candidate mRNA targets with re-
duced TE emerging from the RNA-seq screen contained
numerous nuclear-encoded genes functioning either
within the oxidative phosphorylation pathway or as fac-
tors involved in their mitochondrial import and assembly
(Fig. 4D). To determine whether oxidative respiration was

Figure 4. IdentifyingDAP5 translation targets byRNA-
seq of polysomal fractions. (A) Assessing IRES-dependent
translation upon DAP5 knockdown. Luciferase activity
was measured after transfection of NT or DAP5 knock-
down cells with the constructs shown in the scheme
above. (hp) Hairpin. Data are presented as mean ± SD of
triplicates. (B) Extracts from shNT or shDAP5 knock-
down pluripotent H9 cells were loaded onto sucrose gra-
dients, and OD254, representing RNA, was recorded.
Fractions 19–23 represent heavy polysomes. (C ) Analysis
of deep RNA-seq results of total and polysomal-associat-
ed RNA in DAP5 and NT knockdown hESCs. Principal
component analysis (PCA) of transcript profiles showing
the variability between the samples (closer samples are
more similar). The three axes account for 70.4%of the to-
tal variance among the samples. The PCAwas calculated
using a correlation matrix. (D) Annotation of the 122 po-
tential DAP5 targets. The two gene ontology annotation
clusterswith thehighest enrichment scores as calculated
byDAVIDweremanually subcategorized into individual
pie charts, with the number of proteins in each specific
subcategory indicated.
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affected in these cells, the activity of electron transport
chain complex I was measured directly. In the pluripotent
state, complex I activity was significantly lower in DAP5
knockdown cells compared with NT knockdowns (Fig.
5A). Mitochondria morphology also differed between
NTandDAP5knockdownhESCs undergoingRA-induced
differentiation. In differentiatedNT knockdown cells, mi-
tochondria were elongated and filamentous, consistent
with previous descriptions of mature mitochondria in dif-
ferentiating hESCs (Mandal et al. 2011). In contrast, in
DAP5 knockdown cells, mitochondria remained globular
and clustered in the perinuclear area, resembling the mor-
phology of the undifferentiated cells (Fig. 5B). These re-
sults confirm a reduction in mitochondrial function. To
determine whether impaired mitochondrial oxidative re-
spiratory activity could block RA-induced differentiation
of hESCs, parental H9 cells were treatedwith rotenone, an
inhibitor of complex I, simulating the defect observed in
the DAP5 knockdown hESCs. Indeed, rotenone blocked
RA-induced differentiation, as evidenced by the compro-
mised induction in HOXA1 mRNA and maintenance
of NANOG mRNA expression (Fig. 5C). Thus, hESCs
fail to properly differentiate in response to RA when oxi-
dative phosphorylation is impaired, underscoring the im-
portance of an intact oxidative respiration pathway for
hESC differentiation.

HMGN3 is a validated DAP5 target mRNA at both the
translation and functional levels

In order to identify direct DAP5 targets among the candi-
dates, several of the PCR-validated candidate target
mRNAs were screened for cap-independent activity in
an in vitro translation assay in RRLs (Liberman et al.
2015). The entire 5′ UTR of each mRNA was cloned into
the hairpin-FL reporter construct (Fig. 6A). The BCL2
IRES was used as a positive control (Marash et al. 2008).
Notably, the activity of the HMGN3 5′ UTR was as high
as the BCL2 IRES, suggesting that it can drive cap-inde-
pendent translation (Fig. 6B). Next, the HGMN3 5′ UTR
and empty hairpin reporters were transfected into NT
and DAP5 knockdown hESCs, and luciferase activity
was monitored (Fig. 6C). The HMGN3 5′ UTR resulted
in increased translation of the luciferase reporter in the
NT cells compared with the empty control. Significantly,
this translation activity was reduced in the DAP5 knock-
down cells, confirming that HMGN3 IRES activity is de-
pendent on DAP5.
To determine whether DAP5 engages the HMGN3

mRNA, aswould be expected of a direct translation target,
protein–RNA immunoprecipitationswere performed (Fig.
6D, scheme). hESCs were UV-cross-linked, and DAP5–
RNA complexes were immunoprecipitated with anti-

Figure 5. The effects of DAP5 knockdown on oxidative respiration. (A) Respiratory chain complex I activity in control andDAP5 knock-
down hESCs was measured by spectrophotometry and normalized to citrate synthase activity, used as a control for mitochondria purifi-
cation. Means ± SD of normalized data from four experiments are shown. Significance was determined by t-test. (B) DAP5 and NT
knockdown hESCs were treated with 100 nM RA for 24 h and stained with Mitotracker and DAPI. A higher exposure is shown for undif-
ferentiated cells to visualize mitochondria morphology. (C ) H9 cells were treated with 1 µM RA for 24 h in the presence of increasing
concentrations of rotenone, as indicated. Levels ofNANOG andHOXA1mRNAwere measured by real-time PCR and graphed as mean
± SD. Shown are representative graphs of three independent experiments.
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DAP5 antibodies. RNA purified from the DAP5 immuno-
complexes was then subjected to quantitative PCR with
primers to HMGN3, DAP5 as a positive control, and
OCT4, whose TE does not change upon DAP5 depletion,
as a negative control.HMGN3mRNAwas found in signif-

icant levels in theDAP5 immunocomplex, indicating that
it is bound to DAP5 in cells (Fig. 6D).

Since we showed previously that DAP5 can directly in-
teract in vitro with specific IRES elements (Weingarten-
Gabbay et al. 2014), to further characterize the DAP5-

Figure 6. HMGN3 is a direct target of IRES-dependent DAP5-mediated translation. (A) Schematic of in vitro and in vivo IRES activity
assays. (B) In vitro IRES activity screen. RNA hairpin (hp) FL vectors containing the 5′ UTRs of the indicated genes were translated in
RRLs. Luciferase activity was measured and compared with background luciferase activity from the empty hairpin vector, which was
set as 1. (∗) P < 0.02; (∗∗) P < 0.005. (C ) IRES activity in vivo. HMGN3 5′ UTR and empty hairpin vectors were transfected into NT and
DAP5 knockdown hESCs, and relative luciferase activity was measured. (D) DAP5 was immunoprecipitated from H9 pluripotent cells
followed by purification of associated RNA. mRNA levels of the indicated genes were determined by real-time PCR and normalized to
corresponding levels within total mRNA. Levels of DAP5 self-immunoprecipitation, used as a positive control, were set as 1. (E, top) Ra-
diolabeled RNAs corresponding to the HMGN3 5′ UTR and the first or second half of the 5′ UTR were incubated with or without DAP5
protein and resolved by gel electrophoresis. (Bottom) The radiolabeledHMGN3 5′ UTRwas incubated with DAP5 protein in the presence
of increasing concentrations of competing unlabeled full-length 5′ UTR or either half. In all graphs, data are presented as mean ± SD of
three (B,C ) or four (D) biological repeats. Significance was determined by t-test.

Yoffe et al.

1998 GENES & DEVELOPMENT



dependency of the putative HMGN3 IRES, the region
comprising HMGN3′s 5′ UTR was used in direct RNA-
binding assays by EMSA (electophoretic mobility shift
assay). A radioactive RNA probe corresponding to the re-
gion from −178 to +30 nucleotides (nt) past the start site
was generated and incubated with purified recombinant
DAP5 protein. Significant binding of the 5′ UTR to
DAP5 was observed (Fig. 6E). The specificity of this inter-
action was confirmed by dividing the 5′ UTR into two
equal fragments (Fig. 6E, scheme). Only the first half of
theHMGN3 5′ UTR interactedwithDAP5 (Fig. 6E).More-
over, the interaction of DAP5 with the full 5′ UTRwas at-
tenuated in a dose-dependent manner by addition of cold
RNA corresponding to either the full 5′ UTR or the first
half.Thus,DAP5directly binds specific elements in the re-
gionof nucleotides−178 to−75of theHMGN35′ UTR.Al-
together, these assays determined thatHMGN3 is a direct
translation target of DAP5, undergoing DAP5-mediated
cap-independent translation through its 5′ UTR in hESCs.
HMGN3 is a chromatin-binding protein effecting

epigenetic changes on gene expression (Ueda et al. 2009;
Barkess et al. 2012). As such, it may function as a critical
upstream mediator within a DAP5-initated hierarchy to
control hESC differentiation. Therefore, the function of
HMGN3 was examined in hESCs. HMGN3 protein was
readily detected on Western blots in pluripotent hESCs
(Fig. 7A). Protein expression levels were significantly re-
duced in DAP5 knockdown hESCs compared with con-
trols, while mRNA levels were actually slightly elevated
(Fig. 7A,B), validating the reduction in TE observed.
HMGN3 was knocked down by siRNA in H9 hESCs
(Fig. 7C), which were then triggered to undergo differenti-
ation by administration of RA. The knockdown of
HMGN3 attenuated the classical decline in NANOG
mRNA levels seen in the control NT cells after 24 or
48 h of RA treatment, similar to the response of DAP5

knockdown cells (Fig. 7D). Nanog protein levels likewise
remained higher in differentiated HMGN3 knockdown
cells compared with NT knockdown cells (Fig. 7E). Also,
the increase in differentiation marker HOXA1 mRNA
levels seen in NT cells was delayed in siDAP5 and
siHMGN3 transfected cells (Fig. 7D). Thus, HMGN3
knockdown at least partially phenocopies DAP5 knock-
down and is necessary for hESC differentiation.

Discussion

In this study, we showed that the translation factor DAP5
is indispensable for differentiation of hESCs in response to
multiple differentiation stimuli. Its knockdown resulted
in persistence of pluripotent gene expression, delayed in-
duction of differentiation-associated genes, and defective
EB formation. The latter involved improper cellular orga-
nization, lack of cavitation, and aberrant apoptosis in
terms of quantity, location, and onset. This could result
from the defective differentiation of DAP5 knockdown
EBs, for example, due to the absence of a basement mem-
brane and its associated survival signals, which protect
the outer ectoderm from death signals that activate
apoptosis within the internal ectodermal layer, driving
cavitation (Coucouvanis andMartin 1995, 1999). Alterna-
tively, impaired differentiation and enhanced apoptosis
may be two independent phenotypes of DAP5 depletion
resulting from alterations in the expression of DAP5 tar-
get genes. For example, defective oxidative respiration
may further sensitizeDAP5 knockdownEBs to the hypox-
ic conditions within the structure, which has been shown
previously to regulate apoptosis within the EB core by up-
regulating BNIP3 (Qi et al. 2012). In fact, RNA-seq of total
mRNA indicated an increase in BNIP3 mRNA in DAP5
knockdown hESCs (data not shown). Notably, blocking

Figure 7. HMGN3 functions downstream from DAP5 and is necessary for differentiation. Protein (A) or mRNA (B) levels of DAP5 and
HMGN3 inNTorDAP5knockdown pluripotent cells. (∗)P < 0.05; (∗∗)P < 0.01. (C ) HMGN3orDAP5was knocked down inH9 pluripotent
cells using siRNA, as confirmed by Western blotting. (D) Relative mRNA expression levels of NANOG and HOXA1 in HMGN3 and
DAP5 knockdown hESCs were measured after RA-induced differentiation. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.005, knockdown versus
NT. (E) Western blotting of NT and HMGN3 knockdown cells treated with RA to showNanog levels. Vinculin was used as loading con-
trol. In all graphs, data are presented as mean ± SD of triplicates. Statistical significance was determined by t-test.
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apoptosis with a caspase inhibitor did not rescue the dif-
ferentiation defect, indicating that excessive cell death
was not responsible for impaired differentiation.

The fact thatDAP5 functionwas not limited to a specif-
ic differentiation pathway or cell lineage suggests that
DAP5-depleted pluripotent hESCs are inherently less
primed to differentiate compared with their control coun-
terparts. Mechanistically, this can be attributed to the in-
ability of DAP5 knockdown hESCs to support cap-
independent translation, thereby leading to the selective
reduction in TE of critical mRNA targets. Indeed, through
an RNA-seq screen of polysomal RNA, a group of 122
mRNAs displaying reduced TE was identified in DAP5
knockdown hESCs, while global protein translation levels
were not affected.

To identify direct DAP5 mRNA targets among these
genes with reduced TE, candidates were screened for the
ability of their 5′ UTRs to drive cap-independent transla-
tion. This was based on previous studies showing that
DAP5 drives translation of its targets via IRES elements
within the 5′ UTR (Henis-Korenblit et al. 2002; Nevins
et al. 2003; Warnakulasuriyarachchi et al. 2004; Lewis
et al. 2008; Marash et al. 2008; Weingarten-Gabbay et al.
2014). We used a previously described function-based
screen in a cell-free system (Liberman et al. 2015), since,
despite some proposed in silico approaches (Baird et al.
2006; Wu et al. 2009; Weingarten-Gabbay et al. 2016), it
is difficult to a priori predict IRESs within a candidate
mRNA. In this manner, HMGN3 was identified to have
cap-independent translation ability, which was further
confirmed in vivo in hESCs by showing that its 5′ UTR
drives DAP5-dependent/cap-independent translation.
We showed previously that DAP5 interacts directly and
specifically with its target p53 mRNA (Weingarten-Gab-
bay et al. 2014). Here we showed that the HMGN3 5′

UTR can also interact with DAP5 in vivo by immunopre-
cipitation with DAP5 protein and in vitro by EMSA.
Moreover, we mapped the interaction region to the first
∼100 nt of the 5′ UTR. Most significantly, we found that
HMGN3 function is critical for hESC differentiation,
thereby linking DAP5-mediated translation of a specific
target to its phenotype. Thus, HMGN3 provides the first
proof of principle that selective translation of proteins
through a cap-independent mechanism represents a new
level of gene expression regulation controlling the transi-
tion from pluripotency to differentiation.

HMGN3 belongs to the HMGN family of chromatin
architectural proteins. Each HMGN variant has specific
biological functions differentially affecting the cellular
transcriptional profile within specific tissues (Kugler
et al. 2013). HMGN3 expression is high in adult brain
and pancreatic islet cells, and HMGN3 knockout mice
are viable but diabetic (Ito and Bustin 2002; Ueda et al.
2009; Kurahashi et al. 2010). Functionally, HMGN3
enhances transcription of its target genes by promoting
histone acetylation and recruitment of transcription
factors (Ueda et al. 2009; Barkess et al. 2012). Here we pro-
vide evidence for an additional role of HMGN3 during
hESC differentiation. HMGN3 protein is expressed in plu-
ripotent hESCs in a DAP5-dependent manner, and its

knockdown resulted in changes in pluripotent and differ-
entiation-associated gene expression upon RA treatment.
Thus, HMGN3 joins other superfamily members, such
asHMGN1,HMGN2, andHMGA, in regulatingembryon-
ic development (Furusawa and Cherukuri 2010; Ozturk
et al. 2014).

Notably, out of seven mRNAs assayed in the in vitro
translation screen, only HMGN3 showed significant
cap-independent translation activity within its 5′ UTR.
Considering previous reports showing that the 3′

UTR can also contribute to cap-independent translation
(Izquierdo and Cuezva 2000; Martinez-Salas et al. 2008;
Bradley et al. 2012; Bukhari et al. 2016; Weingarten-Gab-
bay et al. 2016), IRESs or elements that affect IRES activity
may have been missed in this screen. Future screens can
be conducted to include the 3′ UTR in the reporter plas-
mids and expand the number of targets assayed. Alterna-
tively, the results may indicate that the identified genes
with reduced TE include both direct targets of DAP5-me-
diated translation and indirect targets whose translation
may depend on the former group. Indeed, the fact that
the list was enriched in ribosomal proteins suggests that
there may be a hierarchy of translation regulation, initiat-
ing with DAP5 and continuing with targets that regulate
additional translation events. Further analysis of the
translation cluster of potential DAP5 targets will enable
investigation into this new direction in translation con-
trol of embryonic differentiation.

Another prominent find among the list of potential
DAP5 mRNA targets was the mitochondria/oxidative
phosphorylation annotation cluster, which was analyzed
as a whole and shown to functionally contribute to the
DAP5 knockdown phenotype. Pluripotent cells have
been shown to be preferentially glycolytic, with a shift to-
ward oxidative respiration occurring during the initial
steps of ESC differentiation (Varum et al. 2011; Zhang
et al. 2012). Moreover, the glycolytic intermediate ace-
tyl-CoA is used for histone acetylation, an epigenetic
mechanism for maintaining pluripotency (Moussaieff
et al. 2015). Differentiation of stem cells is accompanied
by enhanced mitochondrial biogenesis and oxidative res-
piration as well as elongation of mitochondria into a ma-
ture network, changes that occur even before loss of
pluripotent markers (Mandal et al. 2011; Wanet et al.
2015). Significantly, we show here that inhibition of spe-
cific components of the oxidative phosphorylation path-
way blocked RA-induced differentiation, consistent with
similar inhibition studies during spontaneous differentia-
tion of ESCs (Varum et al. 2009;Mandal et al. 2011; Zhang
et al. 2011; Pereira et al. 2013), indicating that oxidative
respiration is required for proper differentiation. Consider-
ing this, it is reasonable to conclude that the reduced
translation of mitochondrial proteins, aberrantmitochon-
drial morphology, and decreased oxidative respiratory
activity observed here upon DAP5 knockdown are con-
tributing factors to the differentiation defect. Additional
studies will address whether specific proteins within
this cluster are direct IRES-dependent DAP5 targets.

Finally, it should be noted that the RNA-seq screen was
conducted in pluripotent cells with the intention of

Yoffe et al.

2000 GENES & DEVELOPMENT



identifying the earliest “priming” translation events com-
mon for differentiation toward different cell lineages. Fu-
ture studies can assess whether additional DAP5 mRNA
targets exist amongmRNAs that are induced at later stag-
es of cell lineage specification. For example, the pheno-
type of enhanced apoptosis in the growing EBs, but not
after RA treatment, may result from reduced translation
of anti-apoptotic genes expressed only during EB differen-
tiation and not in the pluripotent state or other cell
lineages.
In conclusion, for the first time, we linked DAP5 cap-

independent translation activity to regulation of hESC
differentiation and exit from pluripotency. This function
of DAP5 emphasizes the importance of noncanonical
translation control for differentiation and provides a
mechanistic explanation for the previously reported early
embryonic lethality of DAP5 knockout mice and zebra-
fish (Yamanaka et al. 2000; Nousch et al. 2007). Further-
more, we showed the importance of the mitochondrial
group of potential mRNA targets and a direct translation
target, HMGN3, for hESC differentiation. This opens
new prospects for identification of additional direct trans-
lation targets, especially among the mitochondria and ri-
bosomal cohorts.

Materials and methods

Cell culture, EB formation, and generation of knockdown
hESCs

hESCH9 (Wa-09) cells weremaintained on a feeder layer of iMEFs
(irradiated mouse embryonic fibroblasts) in hESC medium
(DMEM F-12, 20% knockout serum [ThermoFisher], 1%
NEAA, 0.5% glutamine, 0.1 mM β-mercaptoethanol, 8 ng/mL
bFGF). The cells were grown for one passage before experiments
on Matrigel-coated plates containing CM (conditioned medium).
The mediumwas changed daily for hESCs grown in either condi-
tion. For differentiation, the medium was changed to differentia-
tion medium (DMEM F-12, 20% FBS, 1%NEAA, 1% glutamine,
1% ITSX), and all-trans RA (Sigma) was added at the indicated
concentrations. Human EB (hEB) formation was induced from
hESCs by gently passaging whole hESC colonies using 1mg/mL
collagenase IV. Detached cells were then plated on low-adhesion
plates containing differentiation medium consisting of DMEM,
20% knockout serum, 1 mM glutamine, 1% NEAA, and 0.1
mM β-mercaptoethanol without bFGF. Cells were grown in these
conditions for different periods of time (3–21 d), and the medium
was changed every 2–3 d. Where indicated, DMSO or 10 µM Q-
VD-OPH (Biovision) was added to the EB medium at the time of
plating. An additional 5 µM Q-VD-OPH was added after 2 d,
and freshmedium supplemented with 10 µMQ-VD-OPHwas ap-
plied every 4 d.
Stable knockdown of DAP5 was generated by infecting H9

hESCswith lentiviruses harboring pLKO.1-puro plasmid express-
ing shRNA to DAP5 (Sigma, TRCN0000147914) or NT followed
by selection using puromycin. For transient transfections, includ-
ing siRNA, H9 cells were plated on Matrigel-coated plates using
StemPro Accutase (ThermoFisher). Twenty-four hours after plat-
ing, cells were transfected with 50 nmol OnTargetPlus siRNA
pool (Dharmacon) mixed with transfection reagent Dharmafect2
(Dharmacon). For rescue experiments, plasmids were transfected
24 h after siRNA transfection using Fugene6 (Promega) and
changed to differentiation medium 24 h later.

Spectral karyotyping (SKY)

hESCs fromDAP5 knockdown and NT knockdown were sent for
karyotype testing using the SKYapproach (Applied Spectral Imag-
ing Ltd.). From each cell type, several slides were prepared and
processed according to the company’s SKY protocol.

Histological analysis

Cryo preservation hEBs were fixed in 4% PFA and subjected to
cryo-protection by a sucrose gradient (10%–30%). The hEBs
were then washed with PBS and moved to cryo-blocks. After dry-
ing, the blocks were frozen with optimal cutting temperature,
and cryostat sections of 8 µm were laid onto slides.

Paraffin-embedded sections hEBs were washed with PBS and
fixed in 4% PFA for 30 min. After washing, they were inserted
into 3% agarose (low melting temperature) (Sigma), coated with
paraffin, and sectioned to 8–10 µm sections.

H&E staining H&E staining was performed in the Weizmann In-
stitute’sHistologyUnit usingTissue Stainer TST40. The paraffin
or cryo-sectionswere rehydrated by three successivewashes with
xylene followed by gradient washes with 100% to 70% ethanol
and, finally, water. The slides were then stained with hematoxy-
lin for 65 min, washed with water and 70% ethanol, and then
stained with eosin. After staining, slides were dehydrated with
additional ethanol gradient washes and finally clarified by xylene
washes. Slides were viewed and images were obtained with an
Olympus BX41 microscope.

Immunostaining Fixed hESCs and hEB cryo-sections were
washed in PBS. Permeabilization was performed with PBS +
0.2% Triton X-100 (PBT) followed by blocking in 0.1% PBT +
5% normal goat serum (NGS). Slides were incubated with prima-
ry antibody (see below for details of the antibodies used) overnight
at 4°C followed by 1 h with the secondary antibody. Slides were
then stained with DAPI and mounted with Immunomount.
Slides were viewed and images were obtained with an Olympus
BX41 microscope.

Mitotracker staining hESCs were grown onMatrigel-coated cov-
erslips. The cells were incubated with 100 nM MitoTracker Red
CMXRos (ThermoFisher) in DMEM F-12 for 15 min at 37°C
andwashedwith PBS. The cells were fixedwith 4%PFA followed
by PBS washes. The slides were incubated in ice-cold acetone for
5 min and washed again with PBS. Slides were then stained with
DAPI and mounted with Immunomount. Slides were viewed
with a Zeiss LSM780 confocal microscope system.

Protein analysis

Cells were lysed with RIPA buffer for protein purification,
and Western blots were performed according to standard proto-
cols. The following primary antibodies were used: OCT-4
(OCT3/4), Bcl-2, and ICAD (Santa Cruz Biotechnology, SC-
5279, SC-509, and SC-9066, respectively); Nanog and HMGN3
(Abcam, ab21624 and ab72233, respectively); REX-1 (R&D, cata-
log no. MAB3598); GAPDH (Millipore, MAB374); PARP-1 (Bio-
mol, SA250 and SA252); cleaved caspase-3 (Cell Signaling
Technology, 9664); laminin (Sigma Aldrich, L9393); and Nat1/
DAP5 (Transduction Laboratories, N610020). Secondary antibod-
ies were HRP-conjugated anti-mouse or anti-rabbit IgG (Jackson
ImmunoResearch).
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For FACS analysis, hESCs and hEBs were grown to the relevant
stages and dissociated using StemPro Accutase. Cells were resus-
pended in ice-cold PBS containing 0.05% sodium azide and 10%
FBS with primary antibody to the cell surface protein TRA1-60
(Santa Cruz Biotechnology, SC-21705) and incubated for 1
h. Cells were then washed and stained with secondary antibody:
Alexa fluor 555-conjugated goat anti-mouse IgG (ThermoFisher).
Cells were then fixed, permeabilized, and stained with anti-
caspase-3 antibody (Cell Signaling Technology, 9664). After
secondary antibody (anti-rabbit Cy5), the cells were washed, re-
suspended in PBS, and imaged using multispectral imaging flow
cytometry (ImageStreamX flow cytometer, Amnis Corp.). Ap-
proximately 2 × 104 cells were collected from each sample, and
data were analyzed using image analysis software (IDEAS 4.0,
Amnis Corp.). Imageswere compensated for fluorescent dye over-
lap by using single-stain controls. Cells were gated for single cells
using the area and aspect ratio features and for focused cells using
the gradient RMS feature. Cells were gated for TRA1-60-posi-
tive and/or caspase3-positive cells according to their staining
intensity.

RNA analysis

RNAwas purified using RNeasy Plus minikit (Qiagen) or TRI re-
agent (Sigma). cDNAwere reverse-transcribedwith SuperScript II
(Invitrogen), and real-time PCRwas performedwith Fast SYBR or
TaqMan gene expression assays on StepOnePlus (Applied Biosys-
tems, Life Technologies) according to themanufacturer’s instruc-
tions. See Supplemental Table S2 for the primers used. Assays
were performed in triplicates, normalized to RPLPO, and ana-
lyzed according to the ΔΔCt method. Data are representative of
multiple experiments. TaqMan array human stem cell pluripo-
tent panel (Applied Biosystems, Life Technologies) was used to
screen stemness gene expression according to the manufacturer’s
protocol.

Polysome fractionation and deep RNA-seq

Polysomal fractionation of DAP5 and NT pluripotent hESCs,
construction of RNA libraries from total poly(A)+ RNA and heavy
polysomal fractions, and deep RNA-seq were performed as fol-
lows. Cyclohexamide (CHX; 100 µg/mL) was added to the medi-
um of hESCs growing onMatrigel for 10min. Plates were washed
with PBS +CHX and harvested in LBA (20 mM Tris at pH 7.5, 45
mMKCl, 10mMMgCl2, 0.1mg/mLCHX, 1mMDTT, 2.5 µL/mL
RNasin, protease inhibitor cocktail) with 1% NP-40. Cleared ly-
sate (12 OD) was loaded onto 10%–50% sucrose gradients in LBA
and centrifuged at 39,000 rpm for 100 min in a SW-41 rotor (Op-
tima LE-80k Ultracentrifuge, Beckman). The gradients were col-
lected with Teledyne ISCO (UA-6), and 0.5 mL fractions were
collected. Thirty microliters of 10% SDS and 1 mL of 100% eth-
anol were added to each fraction. The fractions were incubated
overnight at −20°C and centrifuged at 20,000g for 15 min. The
pellet was resuspended in TRI reagent, and RNAwas purified ac-
cording to the protocol. For total RNA, the same procedure was
done directly on lysate samples.
Fractions 19–23, consisting of heavy polysomes, and total

RNA (0.5 μg) were processed using the TruSeq RNA sample
preparation kit protocol (Illumina) according to the manufactur-
er’s instructions. Libraries were evaluated by Qubit and Bioana-
lyzer. Sequencing libraries were constructed with barcodes to
allow multiplexing of eight samples on one lane. The sequenc-
ing was run on an Illumina HiSeq 2000 instrument. The ob-
tained reads, paired-ended 100 base pairs (bp) long, were
mapped using TopHat version 1.3.3 against the human genome
(hg19 downloaded from University of California at Santa Cruz).

Expression at the gene level was quantified by applying the Par-
tek Genomics suite and using RefSeq in gtf format as an anno-
tation. Differential expression was calculated using DESeq2
software (version 1.2.8) (Love et al. 2014). The cutoff for differen-
tially expressed genes was at least 20 reads, an absolute fold
change of 2, and false discovery rate (FDR) of 0.05. For analysis
of translational changes, a two-factor model—including the
RNA type (total or polysomal) and the genotype (NT or DAP5
knockdown) and the interaction between them—was built using
DESeq2. Specifically, for each genotype, the counts within the
polysomal fraction were divided by the counts within the total
mRNA to obtain the TE (TEshDAP5 = PolyshDAP5/TotalshDAP5 or
TEshNT = PolyshNT/TotalshNT). TEshDAP5 was then divided into
TEshNT to obtain the differential TE (ΔTE). Genes with ΔTE val-
ues less than −1.5 (with an FDR threshold of at least 0.05) were
considered to have significantly changed. RNA-seq data sets
were deposited in Gene Expression Omnibus with accession
number GSE80467.

In vitro and in vivo IRES activity assays

BCL2 IRES and empty FL vectors were previously described (Lib-
erman et al. 2015). The 5′ UTRs of the seven candidate geneswere
cloned by PCR amplification fromH9 total cDNA or synthesized
plasmid expression vectors (Genewiz) and inserted into the FL re-
porter plasmid. The genes and primers used for cloning are in Sup-
plemental Table S3. RNA transcripts were produced using the
RiboMax kit as described by the manufacturer (Promega).
m7GpppG (m7G cap) (New England BioLabs) was added to the re-
action at 10 mM concentration. Poly(A) tailing was not required,
as the FL constructs contained a poly(A) sequence of 35 bp. Final
recovery of RNA transcripts was achieved with the RNeasy
MinElute cleanup kit (Qiagen).
For in vitro translation assays, RNA was added to RRLs (60%–

75% [v/v]), treatedwithmicrococcal nuclease (Promega), and sup-
plemented with 0.01 mM mixture of amino acids and 0.8 U/µL
RNasin (Promega). Reaction samples were incubated for 1 h at
30°C. Luciferase activity wasmeasured using the luciferase assay
system and a Veritas microplate luminometer (Promega) as de-
scribed by the manufacturer. For in vivo IRES activity, the plas-
mids were transfected into hESCs using Fugene6. Forty-eight
hours later, cells were lysed with passive lysis buffer (PLB) (Prom-
ega), and luciferase activity was measured. Luciferase activity
was normalized to luciferase mRNA expression measured by
quantitative RT–PCR, as described above.

RNA immunoprecipitation

H9 cells grown onMatrigel were UV-cross-linked at 0.15 mJ/cm2

(254 nm). Cells were harvested and snap-frozen. The cell pellets
were resuspended in lysis buffer (50 mM Tris–HCl at pH 7.4,
100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycho-
late, with protease inhibitors), and the DAP5–RNA complexes
were immunoprecipitatedwith rabbit anti-DAP5monoclonal an-
tibody (Cell Signaling, 5169) followed by stringent washes with
up to 1MNaCl. The boundRNAwas extractedwith TRI reagent,
cDNA was generated, and quantitative RT–PCR was performed
as described. RNA immunoprecipitation with anti-DAP5 anti-
body was normalized to the corresponding levels within total
mRNA (input RNA).

RNA-binding assay (EMSA)

[32P]UTP-labeled HMGN3 5′ UTR nucleotides −178 to +30 or
each of its two halves (10,000 counts per minute) was incubated
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for 20 min at 30°C with different amounts (300 or 600 ng) of re-
combinant DAP5 protein (Liberman et al. 2015) in 15 µL of buffer
B (20 mM Tris-HCl at pH 7.5, 100 mM KCl, 4 mM DTT, 0.01%
NP-40, 2 mMMgAc). For the competition assays, calculated mo-
lar excess of unlabeled RNAs was added along with the compo-
nents of the reaction mixture and 600 ng of DAP5 protein.
Sample bufferwas added to the reactionmixtures prior to gel elec-
trophoresis on a 6% polyacrylamide gel.

Respiratory chain enzymatic activities

The mitochondrial-enriched fraction was isolated from cells by
homogenization on ice in isolation buffer (320 mM sucrose, 5
mMTris-HCl at pH 7.4, 2 mMEGTA). The homogenate was cen-
trifuged at 2000g for 3min at 4°C to remove nuclei, and the result-
ing supernatant was centrifuged at 12,000g for 10 min at 4°C to
pellet mitochondria, which were stored in isolation buffer at
−70°C until use. The enzymatic activity of respiratory chain
complex I (rotenone-sensitive NADH-CoQ reductase) was mea-
sured as reported previously (Shufaro et al. 2012) by monitoring
the oxidation of NADH by spectrophotometry at 340 nm at 37°
C in the presence of coenzyme Q1. Activity of the mitochondrial
matrix enzyme citrate synthase, used as a control, was measured
in the presence of acetyl-CoA and oxaloacetate bymonitoring the
release of CoASH coupled to 5′,5′-dithiobis (2-nitrobenzoic) acid
at 412 nm. Activities are reported as the ratio of complex I to cit-
rate synthase (U/U).
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