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Molecular basis for an attenuated cytoplasmic
dsRNA response in human embryonic stem cells
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Theintroduction of double stranded RNA (dsRNA) into the cytoplasm of mammalian cells usually leads to a potent antiviral
response resulting in the rapid induction of interferon beta (IFN). This response can be mediated by a number of dsRNA
sensors, including TLR3, MDAS5, RIG-I and PKR. We show here that pluripotent human cells (human embryonic stem (hES)
cells and induced pluripotent (iPS) cells) do not induce interferon in response to cytoplasmic dsRNA, and we have used
a variety of approaches to learn the underlying basis for this phenomenon. Two major cytoplasmic dsRNA sensors, TLR3
and MDAS5, are not expressed in hES cells and iPS cells. PKR is expressed in hES cells, but is not activated by transfected
dsRNA. In addition, RIG-I is expressed, but fails to respond to dsRNA because its signaling adapter, MITA/STING, is not
expressed. Finally, the interferon-inducible RNAse L and oligoadenylate synthetase enzymes are also expressed at very
low levels. Upon differentiation of hES cells into trophoblasts, cells acquire the ability to respond to dsRNA and this
correlates with a significant induction of expression of TLR3 and its adaptor protein TICAM-1/TRIF. Taken together, our
results reveal that the lack of an interferon response may be a general characteristic of pluripotency and that this results

from the systematic downregulation of a number of genes involved in cytoplasmic dsRNA signaling.

Introduction

Cellular responses to dsRNA differ markedly, depending not only
on the subcellular location of the duplexes, but also on their size.!
Uninfected mammalian cells rarely express dsRNA within the
cytoplasm, most likely because of the ensuing dramatic effects on
RNA levels, inhibition of protein synthesis and, if prolonged, cell
death (reviewed in ref. 1 and 2). In higher eukaryotes, cytoplas-
mic dsRNA often triggers the interferon (IFN) signaling pathway
and leads to nonspecific inhibition of gene expression. In lower
eukaryotes, or in cases where these pathways are lacking or inac-
tive, the RNA interference (RNAI) pathway might provide the
primary mechanism to eliminate cytoplasmic dsRNAs (reviewed
in ref. 3 and 4). In the nucleus, dsRNAs often serve as substrates
for A-to-I editing by members of the ADAR enzyme family, which
are ubiquitously expressed in the nuclei of higher eukaryotes.’
Editing can be either site-selective or promiscuous and RNAs
edited in these two ways appear to have different functions and
fates.!

Multiple complementary and independent systems have
been implicated in cytoplasmic dsRNA activity, including
PKR (dsRNA-activated protein kinase), the 2-5A system (2'-5'
oligoadenylate synthetase and RNAse L), the helicases MDA5
(melanoma differentiation associated protein 5) and RIG-I (reti-
noic acid inducible gene I) and the Toll-like receptor 3 (TLR3)-
mediated dsRNA response. These systems have been studied in

extensive detail in recent years, and there are a number of recent
reviews of them (reviewed in refs. 6-14).

PKR is an important player in the cytoplasmic response to
dsRNA and induction of IFN."!® PKR is an IFN-inducible Ser/
Thr protein kinase that is directly activated by dsRNA." This
enzyme is normally present in the cytoplasm in an unphosphory-
lated, inactive form. Upon activation, a signal transduction cas-
cade is initiated, including the phosphorylation of a number of
substrates, such as the eukaryotic initiation factor 2 (elF-2a)'®
and the transcription factor inhibitor IkB."” Phosphorylation of
IkB releases it from the transcription factor NFkB, which can
now be translocated to the nucleus where it activates the expres-
sion of genes having NFkB binding sites. These genes include
IFNB* and others.'2!"?2

In addition to the PKR pathway, the 2'5'oligoadenylate syn-
thetase (2'5'-AS)/RNAse L pathway responds to dsRNA. 2'5'-
AS is upregulated in IFN-treated and virus-infected cells® and
is activated upon binding to dsRNA.>** RNAse L, a widely
expressed cytoplasmic endoribonuclease, dimerizes and is acti-
vated by 2'5'AS.” Activated RNAse L catalyzes the degradation
of viral and cellular RNAs,? thus inhibiting protein synthesis.”

Other cytoplasmic dsRNA-activated signaling pathways have
recently been shown to be even more important for the induction
of IFNB. TLR3 is localized to endosomes in myeloid dendritic
cells®®? but is found on both the cell surface’ and endosomes*®
of fibroblasts and epithelial cells. TLR3 signaling is initiated by
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Figure 1. dsRNA does not induce IFN in hES cells. (A) PIC was delivered into Hela cells via transfection. Left, 6 hrs after transfection of PIC, HeLa cells
were fixed and incubated with monoclonal antibody J2 which specially recognizes long dsRNAs. Right, HeLa cells without dsRNA treatment.

(B) A rapid and strong IFN response in HelLa cells. Lane 1, no PIC treatment; lane 2, 2 pg/mL PIC was added to growth media for 6 hrs; lane 3, 50 g/
mL PIC was added to growth media for 6 hrs; lane 4, treatment of cells with transfection reagent (TR) Lipofectamine 2000 (LF) alone; lane 5: 2 pg/mL
PIC was transfected into cells with LF for 6 hrs. Actin was used as a loading control and -RT was used as a RT quality control. (C) PIC was delivered into
H9 cells by transfection with Fugene HD. Left, H9 cells were cultured on Matrigel and were transfected with 2 pug/mL PIC for 6 hrs. Right, 50 pg/mL PIC
was added to medium of H9 cells for 6 hrs. (D) No detectable IFNB response in H9 cells after 6 hrs PIC treatment. Lane 1, no PIC treatment; lane 2, 2
pg/mL PIC was added to growth media for 6 hrs; lane 3, 50 wg/mL PIC was added to growth media for 6 hrs; lane 4, H9 cells were treated with Fugene
HD alone; lane 5: H9 cells were transfected with 2 pg/mL PIC for 6 hrs; lane 6, HeLa cells were treated with Fugene HD alone; lane 7: HelL a cells were
transfected with 2 pg/mL PIC for 6 hr using Fugene HD. Oct3/4 is a stem cell pluripotency marker. Actin was used as a loading control and -RT was used

as a RT quality control.

binding to dsRNA and results in the recruitment of cytoplas-
mic adapter proteins that contain TIR domains.® A key target
for dsRNA-mediated TLR3 signaling is TICAM-1/TRIE.?
TRIF is recruited to endosomes following dsRNA recognition
by TLR3 and functions as a docking platform that interacts with
several signaling proteins to initiate divergent signaling path-
ways leading to activation of IRF3, NFkB and the IFN@ pro-
moter.”?" Yet other important pathways involve the recognition
of dsRNA by the cytoplasmic RNA helicases RIG-I and MDA5
(reviewed in ref. 13 and 39). RIG-I recognizes single-stranded
RNAs with 5'-phosphates,”® RNAs with 5'-triphosphates® and
dsRNAs of intermediate length.** Signaling by RIG-I is affected
by a number of factors,"* including the important RIG-I adap-
tor MITA (mediator of IRF3 activation)** or STING (stimulator
of interferon genes).” On the other hand, MDAS5 preferentially
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responds to long dsRNAs.® Like TLR3, signaling for both
RIG-T and MDAS5 proceeds through NFkB and IRF3."** Upon
binding to RNAs, RIG-I and MDA5 associate with the outer
mitochondrial membrane associated adapter protein IPS-1
(IENP promoter stimulator-1), also known as MAVS (mitochon-
drial antiviral signaling), VISA (virus-induced signaling adapter)
or CARDIF (CARD adapter inducing IFN),** which plays
an essential role in RIG-I/MDAS5 signaling’®! Finally, it has
recently been reported that EYA4 (Eyes absent 4) associates with
IPS-1 and STING and can stimulate the expression of IFNf in
response to the undigested DNA of apoptotic cells and enhances
the innate immune response against viruses.”

The precise mechanisms by which dsRNA enters cells and is
delivered to cytosolic sensors are still unknown. Several studies
have followed dsRNA uptake into cells and interaction with the

3553



A < 50007 m HeLa (6 hr)
2 4000} O HO (24 hr)
o
5 3000
3
. 2000
4
L 1000
°TE o6 oG 3
x© @ <\ ) <\
e? A\ ) o \
o @ (9 ®T e

x

B 15 1 ® HeLa O H9

c
o __

)

N =

g5 10

Q. 1

X N

oD
2l 5
>=
S

0 I
untreated 6 hr 24hr 48 hr
C m HeLa O H9

— 100%

©

>

E 75%

>

0 50%

8 25%

0%
6 hr 24 hr 48 hr

Figure 2. Attenuated dsRNA response in hES cells. (A) The IFN re-
sponses in HelLa and H9 cells were quantitatively measured by RT-QPCR
and normalized to each endogenous actin mRNA. The treatments

were described as in Fig. 1B. Note that the IFNR response was almost
undetectable in HI cells after the PIC treatment. (B) The IFNB responses
in HeLa and H9 cells during a time-course treatment. 2 pg/mL PIC was
transfected into both cell lines and IFNg mRNA was measured 6 hrs,

24 hrs and 48 hrs post-transfection. (C) Cell survival rates after the PIC
transfection. All cells were disassociated from plates at various time
points and viable cells were counted using trypan blue. The cell survival
rate was calculated using the formula: (# uncolored cells)/(# uncolored
cells + # blue cells).

TLR3 pathway.?®*>>*% Johnsen et al.”® examined the dynamics
of dsRNA internalization using fluorescent RNA. In the absence
of transfection reagents these authors saw uptake into early endo-
somes (consistent with clathrin-mediated uptake), followed by
eventual transit to lysosomes. In these cells, dsSRNA colocalized
with endosomal TLR3. Further, introduction of dsRNA into
cells via transfection may lead to a similar outcome. Various
lipofection agents deliver RNAs to endosomes,”® and dsRNA
transfection was seen to lead to TRIF recruitment to endosomes
within 20 minutes, leading to the appearance of “speckles” in the
cytoplasm.*t

In this study, we examined the cytoplasmic responses to
dsRNA in undifferentiated and differentiated hESCs and in
induced pluripotent stem (iPS) cells. Following transfections
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with dsRNA, we found that while differentiated cells activate
interferon expression, hES and iPS cells do not. In addition, key
factors that are involved in the cytoplasmic responses to dsSRNA
have been carefully examined, yielding important clues into the
underlying basis for this phenomenon.

Results

hESCs have a weak IFN response to dsRNA. We first asked
whether hESCs can respond to dsRNA by activating the expres-
sion of IFNB. HeLa and H9 cells were treated with poly r(I:C)
(PIC; polyriboinosinic:polyribocytidylic acid, a synthetic analog
of viral dsRNA) either in the presence or absence of a transfec-
tion reagent. Figure 1A shows that 6 hrs after transfection of
HeLa cells with PIC, dsRNA is readily detected in the cyto-
plasm in a punctate distribution consistent with previous reports
that dsSRNA uptake is into endosomes.”®* A similar pattern
was observed after adding PIC directly to HeLa cells (Suppl.
Fig. 1). Figure 1B shows that such treatments lead to the strong
and rapid induction of transcription of IFNB in HelLa cells
(Fig. 1B, lane 5). IFNB induction in the absence of transfec-
tion was only seen with high concentrations of PIC (Fig. 1B,
lanes 2 and 3 and Suppl. Fig. 1). While PIC could be efficiently
introduced to hESCs via transfection, dsSRNA uptake was never
observed in these cells without transfection reagents (Fig. 1C and
Suppl. Fig. 1), suggesting that active dsRNA internalization in
hESC:s differs from that in HeLa cells. More interestingly, and in
contrast to results seen with HeLa cells, IFNB was not induced
by dsRNA in hES cells, regardless of whether they were grown
under feeder-free conditions (Fig. 1D and data not shown) or
on irr-MEFs (Suppl. Fig. 2). Since 12d old irr-MEFs still retain
a weak IFN response (Suppl. Fig. 2), we examined the IFNf
response in hESCs and iPS cells under feeder free conditions
throughout this study. The IFNB response in another hES cell
line (H14) was also almost undetectable (Suppl. Fig. 3).

We next set up a more quantitative analysis of these responses
by using real-time RT-qPCR (Fig. 2). While in HeLa cells there
is a dramatic induction of IFN mRNA within 6 hrs, the signal
in HO cells is barely detectable (Fig. 2A and B). Furthermore, the
induction of IFN mRNA in HeLa cells was even more dramatic
after prolonged treatment; however, the barely detectable IFNB
signal in H9 cells remained almost unchanged after 48 hrs post-
transfection with PIC (Fig. 2B). Since the response was several
orders of magnitude weaker than that observed in HeLa cells, we
speculate that this extremely weak IFNP signal in H9 cells may
result either from a very weak intrinsic dsRNA response system
or from a small fraction of cells in our hESC cultures that have
begun to differentiate. In addition, the lack of an IFNf response
in H9 cells is not due to loss of cell viability (Fig. 2C).

Expression of genes involved in cytoplasmic responses to
dsRNA in hESCs. As a first step towards a molecular under-
standing of how pluripotent cells respond to dsRNAs, we used a
genome-wide approach to determine the expression pattern of a
number of the key genes involved. We therefore isolated cytoplas-
mic polyadenylated RNAs from both HeLLa and H9 cells and sub-
jected them to high throughput sequencing using the Illumina/
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Table 1. Relative mRNA quantitations

Gene RPKM HeLa RPKM H9 Function
Gapdh 1230 1727 Internal control
Nanog 0.05 21.8 Stem cell marker
Sox2 0.00 70.6 Stem cell marker
Lin28 0.03 285.0 Stem cell marker
Oct3/4 0.2 560 Stem cell marker
TLR3 1.3 0.1 IFNB induction
TICAM-1/TRIF 11.8 0.4 IFNB induction
RIG-I 0.8 1.0 IFNB induction
STING/MITA 18.1 0.1 IFNB induction
TBK1 6.0 2.0 IFNB induction
IKBKE 2.0 33 IFNB induction
MDA5 19 0.2 IFNB induction
VISA/IPS-1/MAVS 6.9 6.8 IFNB induction
EYA4 48.6 0.0 IFNB induction
PKR 14.1 4.1 IFNB induction
NFkB1 8.3 1.8 IFNB induction
NFkB2 16.2 6.3 IFNB induction
IkB 6.3 4.6 IFNB induction
IRF3 10.9 19.3 IFNB induction
IRF7 0.4 2.6 IFNB induction
OAS1 8.7 0.05 OAS, RNAseL pathway
OAS3 12.7 0.4 OAS, RNAseL pathway
RNAse L 0.68 0.1 OAS, RNAseL pathway
ADAR1 58.3 53.5 Editing (nuclear)

Relative expression of genes involved in the cytoplasmic pathways to
dsRNA between HelLa and H9 cells. Equal amounts of poly(A)* RNAs
were analyzed using the lllumina Genome Analyzer. The relative levels
of mRNA expression are reported as the normalized number of reads
that mapped to the annotated exons of each gene (# of reads per
thousand nucleotides of exons, per million total reads [RPKM]). Higher
numbers are positively correlated to higher levels of gene expression.
Reads from one experiment are reported, but similar relative levels of
mMRNA expression were seen in two other independent sequencing
experiments.

Solexa platform. Equivalent numbers of 75-nucleotide sequence
reads were aligned to the genome using the UCSC Genome
Browser and the number of reads aligning to annotated exons of
genes were summed. Some of the key results obtained are shown
in Table 1 and Table S1. The numbers shown represent the
normalized relative levels of mRNA expression between HeLa
and H9 cells. Consistent with our previous studies,” Gapdh and
Adarl are each expressed at similar levels in H9 cells and in HeLa
cells. The stem cell markers Nanog, Sox2, Lin28 and Oct3/4 are
all highly expressed in H9 cells but absent in HeLa cells.

The deep sequencing work offered a number of important
clues to the underlying dsRNA sensing defects in hES cells. First,
H9 cells exhibit a severe defect in the expression of MDA5, TLR3
and its key signaling adapter, TRIF, which are crucial factors
involved in IFN induction (Table 1). Second, although RIG-I
is expressed in pluripotent cells, we found a number of its positive
regulators are expressed at lower levels in H9 cells than those in
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HeLa cells (Table 1). In contrast, a number of its negative regula-
tors are expressed at higher levels in H9 cells (Table S1). Among
these factors, the recently identified MITA/STING, which has
been shown to be very important for RIG-I mediated signal-
ing,*** is completely absent in H9 cells, as is EYA4, which has
recently been shown to be important for innate immunity and
to interact with IPS-1 and MITA* (Table 1). Although the role
of RIG-I regulators and the nature of RNA ligands for RIG-I
remain somewhat controversial,’® the possibility exists that one
or more regulators of RIG-I might function together to attenuate
PIC-stimulated IFN signaling via RIG-I in hESCs. Third, deep
sequencing revealed that some of the key downstream signaling
targets of PKR (IkB, NFkB and IRF3) are abundantly expressed
in H9 cells (Table 1), suggesting that the failure to activate the
PKR signaling pathway is not the result of low expression levels
of some of its key factors. Finally, RNAse L mRNA levels are low
in H9 cells compared to HeLa cells and none of the known forms
of oligoadenylate synthetases (OAS enzymes) are expressed at a
significant level in H9 cells (Table 1, and data not shown). This
means that the RNAse L pathway cannot be activated directly in
these cells.

Western blotting of extracts prepared from two different
hESC lines, H9 and H14, confirmed what we had observed by
deep sequencing (Fig. 3A). H9 and H14 both express Dicer and
Ago2, which are important for RNAi and microRNA responses.
Such responses are well documented to be robust in pluripo-
tent cells.””*" In addition, markers of cytoplasmic stress gran-
ules (TTA1) and processing bodies (P-bodies) (DCPla) are also
expressed well. However, several sensors involved in dsRNA-trig-
gered IFN@ signaling are altered dramatically in their expression.
Consistent with the deep sequencing results, hESCs and iPS cells
express PKR and RIG-I at similar levels to those seen in Hela
and IMRIO cells, but RNase L levels are much lower and MDA5
is undetectable (Fig. 3A). Numerous attempts to detect TLR3 in
these cells were unsuccessful (data not shown).

The above results offered strong support for some of the
observed defects in dsRNA signaling observed in hESCs.
However, they did not allow us to understand the failure of IFN3
activation by dsRNAs via PKR. In fact, this activation is accom-
panied by autophosphorylation at Thr451.5>% Using antibod-
ies specific for this modification, we observed a strong increase
in phosphorylation following transfection with dsRNA (Fig.
3B, lane 2). However, autophosphorylation was undetectable
in H9 cells (Fig. 3B, lane 3), even after the transfection of PIC
(Fig. 3B, lane 4). We do not yet know the molecular basis for this
activation defect, but hypothesize that it may underlie at least
some of the absence of a vigorous IFN response in pluripotent
cells.

The lack of a cytoplasmic response to dsRNA correlates with
pluripotency. The above results suggest that weak dsRNA signal-
ing may be an intrinsic characteristic of pluripotency. In order to
address this we performed several complementary experiments.
First, we showed that the poor dsRNA response in H9 cells is
not due to an irreversible defect. We treated H9 cells with BMP4
and then examined the cultures for IFNB induction. BMP4
induces the differentiation of hES cells into trophoblasts.*®
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Figure 3. Some factors involved in cytoplasmic responses to long dsRNAs are expressed in
hESCs. (A) Whole cell extracts were collected from Hela cells and hESCs grown under feeder-free
conditions and equal amounts of total proteins were subjected to SDS-PAGE and analyzed by
western blotting with the indicated antibodies. Actin was used as a loading control and Sox2 was
used as a marker for pluripotent cells. (B) Lack of dsRNA-induced PKR autophosphorylation in H9
cells. HeLa cells and H9 cells were transfected with 2 pg/mL PIC for 6 hrs and 24 hrs respectively,
and whole cell extracts were collected from the untreated cells and the PIC treated cells at the
indicated time points. Equal amounts of total proteins were loaded. Actin was used as a loading

guishable from H9 and H14 cells in their

patterns of expression of these same factors

(compare Figs. 3A and 5A). Taken together, the above results
lead us to conclude that a strongly attenuated dsSRNA response is
a general feature of pluripotent human cells, and that this attenu-
ated response is associated with the lack of expression of a specific
set of proteins.

The TLR3/TRIF pathway correlates with differentiation-
mediated IFN@ response to dsRNA. To further explore which
dsRNA response pathway is induced upon differentiation, we
used real-time quantitative RT-PCR to compare the levels of
expression of many key factors during differentiation of H9
cells into trophoblasts (Fig. 5B). Results showed that TLR3 and
TRIF were significantly upregulated upon differentiation, while
other signaling factors remained essentially unchanged. As these
were the only factors strongly upregulated, we speculate that this
underlies our findings that the IFN response in these cells is less
robust than that in HeLa cells, where more factors are expressed.
These observations were further supported by examination of
changes associated with reprogramming of IMR90 cells to iPS
cells (Fig. 5C). Here, reprogramming led to a strong downregu-
lation of both TLR3 and TRIF, although in this case MITA and
EYA4 (involved in the RIG-I pathway) were also significantly
reduced. These results are generally in excellent agreement with
those obtained by western blotting and deep sequencing. Taken
together, these results point to the likely importance of TLR3
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and TRIF in the acquisition of a dsRNA response in trophoblasts
and the repression of TLR3, TRIF, MITA and EYA4 upon repro-
gramming of IMRI0 cells.

dsRNA uptake and fate in hESCs and iPS cells. The above
results demonstrate that hESCs and iPS cells do not induce
IFNP in response to dsRNA. While much or most of this defect
likely results from the low expression profiles of TLR3, TRIF,
MITA and MDAS5 (Table 1) and the inability of dsRNA to acti-
vate PKR (Fig. 3B), we could not rule out the additional pos-
sibility that hESCs and iPS cells retain some ability to respond
to dsRNA, but do not internalize dsRNAs efficiently. Activation
of both PKR and RIG-I by dsRNA requires that the dsRNA be
present in the cytoplasm. We therefore carried out a number of
studies to investigate the cellular uptake and fate of dsRNA in
HeLa cells, hES cells and iPS cells. Figure 6 shows the results
from some of these studies in HeLa cells. Using an antibody spe-
cific for dsRNA longer than 40 bp in length,” we observed that
when transfected or directly delivered into HeLa cells, PIC ini-
tially accumulates primarily in discrete cytoplasmic foci (Figs.
1A and 6i, 6iv and Suppl. Fig. 4). These foci are not processing
bodies (P-bodies; reviewed in ref. 68 and 69), as indicated by
lack of colocalization with DCPla (Fig. 6ii and 6iii) or stress
granules (reviewed in refs. 68 and 69), as indicated by lack of
colocalization with TTIA1 (Fig. 6vand 6vi). They likely represent
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Figure 4. A weak cytoplasmic dsRNA response is a general feature of pluripotency. (A) Differentiated hESCs gain an IFNR response to PIC. H9 cells and
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6 hrs or 24 hrs. The IFNB responses were quantitatively measured by RT-QPCR and normalized to each endogenous actin mRNA.

endosomal compartments reported previously as the sites of
dsRNA uptake.>>* Interestingly, at 24 hrs after transfection, the
vast majority of the dsRNA disappeared from the transfected
cells. By this time the cells have mounted a vigorous response
involving IFN induction. In HeLa cells dsRNA leads to the rapid
appearance of stress granules (Fig. 6v). Significantly, the small
amount of dsRNA that is still detectable in HelLa cells at 24 hrs
colocalizes with stress granules (Fig. 6vii—ix, arrows).

Pluripotent cells exhibit several important differences in this
type of analysis. Transfection of H14 cells with PIC leads to cyto-
plasmic dots that are visibly indistinguishable from those seen
in Hela cells (Fig. 7). This is also observed for H9 cells and
iPS cells (Suppl. Figs. 4 and 5). Also as in HeLa cells, dsSRNA
in ES cells does not colocalize with DCPla or TIA1 (Fig. 7iii
and vi). Interestingly, however, in hES cells DCPla is broadly
distributed throughout the cytoplasm (for e.g., see Fig. 7ii), in
contrast to the situation in Hela cells where distinct cytoplas-
mic processing bodies (P-bodies) are observed (Fig. 7ii). Also and
in stark contrast to the observations in HeLa cells, cytoplasmic
dsRNA in hES cells (Fig. 7vii and x) or iPS cells (Suppl. Fig. 5)
is still readily detected in cytoplasmic foci at 24 hrs after trans-
fection. We have observed virtually no colocalization of dsSRNA
with stress granules in these cells, and note that many fewer stress
granules are induced in pluripotent cells after the same transfec-
tion treatment (Fig. 8). Taken together, these localization studies
may shed new light on the inability of pluripotent cells to express
IFNP in response to transfected dsRNA.

Discussion

Most mammalian cells respond vigorously to cytoplasmic
dsRNA through the activation of PKR and RNAse L as well as
through signaling cascades mediated by TLR3/TRIF, RIG-I
and MDAS5. These potent response pathways play major roles in
cellular antiviral responses and complement (and in fact largely
supplant) the more ancient innate immunity to dsRNA provided
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by the RNAi machinery. We have shown here that hES cells do
not induce interferon in response to dsRNA and that this defect
is the result of several important differences between pluripo-
tent cells and differentiated cells (Fig. 9). First, although PKR
and at least several important downstream targets are expressed
in hESCs, they are not activated by dsRNA, because we see no
evidence of PKR autophosphorylation and IFN is not induced
(Figs. 2-3). Second, the amounts of TLR3, the TLR3 adaptor
TRIF, the RIG-I adaptor MITA and the helicase MDAS5 are
greatly diminished (Figs. 3, 5 and Table 1). Finally, RNAse L
and OAS are expressed at very low or negligible levels (Figs. 3, 5
and Table 1). Together, these defects likely lead to an inability of
stem cells to respond through any of the currently known cyto-
plasmic dsRNA-mediated sensing and signaling pathways.

While signaling pathways initiated by dsRNA delivered
by transfection are clearly compromised, we do not yet know
whether pluripotent cells completely lack the ability to mount
an immediate innate immune response to viral infections.
RIG-I is important for IFNf responses to a variety of ssRNA
viruses carrying either a plus-strand RNA genome (e.g., hepati-
tis C virus, Japanese encephalitis virus) or a minus-strand RNA
genome (e.g., influenza virus, Sendai virus, vesicular stomatitis
virus, measles virus, respiratory syncytial virus and Ebola virus),
whereas encephalomyocarditis virus and Theiler’s encephalomy-
elitis virus induce IFN@ through the MDA5 pathway.”®”! Since
RIG-T is still expressed in them, it will be of interest in future
studies to infect pluripotent cells with viruses that are known to
induce IFNP through the RIG-I pathway.

One puzzling aspect of the above results is that in hES cells
PKR is expressed but not activated by exogenous dsRNA. A pos-
sible explanation for this observation is that the PKR enzyme is
altered in some way in pluripotent cells such that it cannot be
activated by dsRNA. We have no evidence to support this model
but cannot rule it out at this time. Our data, however, suggest an
alternative model that dsRNA delivered to these cells by trans-
fection is not allowed access to cytoplasmic PKR and perhaps
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also to other sensors such as RIG-I. Immunofluorescence studies
show that dsRNA appears to remain sequestered in cytoplasmic
foci after transfection of hES cells or iPS cells (Figs. 1 and 6, 7;

Figs. S1, S4 and S5), while in HeLa cells it disappears from these

sites within 24 hours (Fig. 6). In order to access PKR and induce

cells.
Why do hESC:s differ so dramatically from differentiated cells
in their cytoplasmic response to dsSRNA? We suggest several pos-
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IFN, at least some of the transfected dsRNA in HeLa cells must
be released into the cytoplasm. This may not occur in pluripotent

sible reasons for this. First, pluripotent cells may lack a
dsRNA-inducible IFN response pathway because this rep-
resents an antiviral response pathway that is not needed
in them. Viral infection of these cells might seriously
jeopardize their ability to maintain their ability to differ-
entiate or to maintain effective pluripotency. Therefore,
it may be better for the organism for these cells to die
rather than to risk trying to fight infections. A second
possibility is that one or more components of the IFN
signaling pathway is incompatible with pluripotency or
differentiation. We do not yet know how expression of
any of the repressed factors described here affects hESC
biology but do note that differentiation into trophoblasts
leads to the induction of TLR3 and TRIF (Fig. 5B).
Third, pluripotent cells may lack this pathway because in
these cells some important dsRNAs or highly structured
RNAs may be exported from the nucleus to the cyto-
plasm. In differentiated cells dsRNAs are rarely present
in the cytoplasm, but are frequently formed in the nucleus
as the result of sense-antisense transcription or inverted
repeats within transcripts. Such duplexes can serve as
targets for promiscuous ADAR-mediated editing, which
leads to nuclear retention.”” We have recently shown that
while nuclear editing in hES cells is robust, the nuclear
retention mechanism is not.”> Thus, mRNAs or dsRNAs
that would normally be nuclear retained in differentiated
cells might be exported to the cytoplasm in pluripotent
cells. Some of these might have the potential to activate
PKR or RIG-L. If the IFN response system were oper-
able, these might seriously impact cell growth or viability.
However, in hESCs cytoplasmic dsRNAs may be able to
access the RNAI pathway, leading to the generation of a

Figure 5. Factors involved in cytoplasmic responses to long
dsRNAs in iPS cells and following differentiation of hESCs

to trophoblasts. (A) Whole cell extracts were collected from
IMR90 cells and iPS cells grown under feeder-free conditions
and equal amounts of total proteins were subjected to SDS-
PAGE and analyzed by western blotting with the indicated anti-
bodies. Actin was used as a loading control and Sox2 was used
as a marker for pluripotent cells. (B) Real-time RT-PCR was used
to compare the relative levels of the mRNAs for the indicated
factors between H9 cells and H9 cells that had been treated
with BMP4 to promote differentiation to trophoblasts. Note
that the bars represent the relative ratios of mRNA concentra-
tions between the two cell populations (normalized to actin
expression), not the absolute levels of transcripts. White bars,
transcripts preferentially expressed in trophoblasts. Black bars,
transcripts preferentially expressed in H9 cells. sox2, oct3/4 and
1in28, pluripotency markers. hcg, trophoblast marker.

(C) Real-time RT-PCR was used to compare the relative levels of
the mRNAs for the indicated factors between IMR90 cells and
iPS cells derived from IMR90 cells. Bars are as in (B). Another iPS
cell line, iPS(IMR90)-2 showed essentially identical results (data
not shown).
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Figure 6. Visualization of transfected dsRNAs in HeLa cells. HeLa cells were transfected with 2 ug/mL PIC for 6 hrs and 24 hrs, and then stained with
anti-dsRNA J2 antibody and anti-DCP1« (i-iii) or J2 and anti-TIA1 (iv-ix). Note that dsRNAs do not colocalize with DCP1a or TIA1 at 6 hrs post-trans-
fection. dsRNA-associated cytoplasmic dots are largely diminished after 24 hrs in cells, and the remaining dots colocalize with TIA1-positive stress
granules (arrows in vii-ix).

pool of “endogenous siRNAs” that are not found in differenti-
ated cells. These could serve an important biological purpose,
such as transposon silencing, which is accomplished in germ cells
via the alternative piRNA pathway.”? Consistent with this, there
are several recent reports of endogenous, repeat-derived small
7476 Finally, it has recently been
shown that components of the endogenous small RNA process-

RNAs in embryonic mouse cells.

ing machinery may have important functions in the maintenance
of stem cell properties.”””

An attenuated cytoplasmic response to dsSRNA may be a gen-
eral feature of pluripotency. In undifferentiated EC cells and in
normal embryonic cells, IFN genes are not induced by dsRNA.80-%
The expression of both interferon regulatory factor (IRF) and
IFN genes is developmentally regulated in mouse EC cells;

these genes become functional only after cell differentiation.®

www.landesbioscience.com Cell Cycle

Likewise, cellular levels of RNase L are regulated during
differentiation of murine embryonal carcinoma cells.? It
has been suggested that the key defect in this response is
the lack of activation of the proper transcription factors
for these genes.* While dsRNA does not induce IFN in
F9 cells, these cells do respond to dsRNA after differen-
tiation into cells of parietal endoderm lineage.®

Finally, what are the implications of our findings for
dsRNA-mediated gene silencing in hES cells? The lack of
an interferon response in pluripotent cells suggests that it
might be possible in these cells to use long dsSRNA instead
of shorter (and more expensive) siRNAs to induce specific
gene expression knockdown in stem cells. In fact, specific
dsRNA-induced RNAI silencing has been reported in

60,61

mouse ES cells. However, in these studies the extent
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Figure 7. Visualization of transfected dsRNAs in human ES cells. H14 cells were transfected with 2 pg/mL PIC for 6 hrs and 24 hrs, and then fixed and
stained with anti-dsRNA J2 antibody and anti-DCP1« (i-iii and vii-ix) or J2 and anti-TIA1 (iv—vi and x-xii). Note that P-bodies (indicated by DCP1q) are
larger and more broadly distributed in hESCs; less visible stress granules (indicated by TIA1) are visible in hESCs (also see Fig. 8); however, dsRNAs
remain detectable in cytoplasmic dots and do not colocalize with DCP1a or TIA1 24 hrs post-transfection.
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Figure 8. Fewer visible stress granules (SGs) are formed in hES cells follow-
ing transfection stress. HeLa, H9 and H14 cells were transfected with 2 pg/mL
PIC for 6 hrs and 24 hrs respectively, and then stained with J2 antibody and
anti-TIA1. SG-positive cells were counted under 3-6 randomly selected differ-
ent microscope fields, each containing 100-200 cells. Standard deviation was

following primary antibodies were used for the colocal-
ization studies: mouse anti-dsRNA, J2 antibody (1:200,
English & Scientific Consulting, Hungary), rabbit anti-
DCPla (1:200, Sigma) and goat anti-TTA1 (1:50, Santa
Cruz Biotechnology). Suitable fluorescence conjugated
secondary antibodies were used to detect each specific
primary antibody. The nuclei were counterstained with
TOPRO-3. Images were taken with a Zeiss LSM 510
microscope.

Immunoblots. Whole cell lysates from HeLa, IMROO0,
hES and iPS cells were collected and resolved on SDS-
PAGE gel. Primary antibodies used in this study were
rabbit anti-Sox2 (1:1,000, Millipore), mouse anti-RNase
L (E-9) (1:1,000, Santa Cruz Biotechnology), rabbit anti-
PKR (K-17) (1:1,000, Santa Cruz Biotechnology), rabbit
anti-p-PKR (Thr451) (1:200, Santa Cruz Biotechnology),
rabbit anti-Ago2 (1:500, Cell Signaling), rabbit anti-
Dicer (1:200, Cell Signaling), rabbit anti-DCPla
(1:1,000, Sigma), goat anti-TTA1 (1:500, Santa Cruz
Biotechnology), rabbit anti-RIG-I (1:500, ProSci) and

calculated from all counted fields in three independent experiments.

rabbit anti-MDAS5 (1:500, ProSci).

of knockdown was quite modest. Our results lead us to suggest
that it may generally prove to be difficult to use long dsRNAs
for efficient gene silencing in pluripotent cells. Since transfected
dsRNAs may be retained in endosomes in hES cells, they may
not only be unavailable to activate PKR and RIG-], but also may
serve as poor substrates for cytoplasmic Dicer enzyme.

Materials and Methods

Cells, differentiation and dsRNA transfection. HeLa cells were
cultured under standard conditions. Passages 2 to 6 of IMR90
cells were used in this study. Human iPS (IMR90) cell lines were
generated from IMR90 precursor cells and were verified at the
UConn Stem Cell Core®® and were confirmed positive for Tra-1-
81, Tra-1-60, SSEA-3 and SSEA-4 by immunofluorescence and
teratoma formation.®® hES H9, H14 cell lines and iPS cell lines
were maintained on plates coated with Matrigel (BD Biosciences)
in either defined mTeSR medium (StemCell Technologies Inc.,)
or conditioned medium (CM) with irradiated mouse embryo
fibroblasts supplemented with 4 ng/mL human Basic Fibroblast
Growth Factor (bFGF) (Life Technologies).” Cell cultures were
regularly evaluated for Oct3/4 expression every 3—4 weeks and
cells were passaged every 6—7 days. For trophoblast differen-
tiation, hES cells were treated with 100 ng/mL BMP4 (R&D
Systems) in the presence of CM and bFGF for 4—6 days.**®

of dsRNAs 2000
(Invitrogen) or Fugene HD (Roche) according to the manufac-
turer’s protocol. Transfection of dsRNA into H9, H14 and iPS
cells was carried out at day 2 or day 3 post-passage using Fugene
HD (Roche).

Immunofluorescence microscopy. Cells were fixed in 4.0 %
paraformaldehyde for 20 min at RT, then permeabilized in PBS
containing 0.2—0.5% Triton X-100 on ice for 5 min. The deter-
gent concentration varied depending on the cell line used. The

Transfection used Lipofectamine

www.landesbioscience.com

RT-qPCR. Total RNAs were isolated from different
cell lines with or without the indicated PIC treatments.
After treatment with DNase I (Ambion, DNA-free™ kit), the
cDNA was transcribed with SuperScript II (Invitrogen) with
oligo (dT) or random hexamers. Primers for qPCR used: actin-
S: GGAC TTC GAG CAA GAG ATG G, actin-AS: AGC ACT
GTG TTG GCG TAC AG; ¢ya4-S: CTG TGG AGG TTG
CTG GTA CA, eya4-AS: CAA ACC TCA GGG CTG AGA
AG; hegB-S: TGG CCT TGT CTA CCT CTT GC, hegB-AS:
GCC TCG TGT ACC TGG CTT TA; hIFNB-S1: CAT TAC
CTG AAG GCC AAG GA, hIFNB-AS1: CAATTG TCC AGT
CCC AGA GG; hIFNB-S2: CAG CAG TTC CAG AAG GAG
GA, hIFNB-AS2: AGC CAG GAG GTT CTC AAC AA; lin28-
S: GGG GAA TCA CCC TAC AAC CT, lin28-AS: CTT GGC
TCC ATG AAT CTG GT; mda5-S: GTC TGG GGC ATG
GAG AAT AA, mda5-AS: TGC CCATGT TGC TGT TAT G;
mita-S: TCA AGG ATC GGG TTT ACA GC, mita-AS: CAG
AAG AGT TTG GCC TGC TC; pkr-S: CTG TTG ATG GCA
CTC TGG AA, pkr-AS: GGT CAA TTG TGG GCT TCA
CT; rig-i-S: CTC CCG GCA CAG AAG TGT AT, rig-i-AS:
CTT CCT CTG CCT CTG GTT TG; #/r3-S: ACC CAT ACC
AAC ATC CCT GA, tlr3-AS: AAG AGT TCA AAG GGG
GCA CT; #if-S: TCC TCC TCC TCC TCC TTC AT, #rif
AS: GCG TGG AGG ATC ACA AAG TT. Primers for oct3/4
and sox2 were described previously.” The mRNA expression was
quantified relative to actin mRNA in each cell line.

Solexa sequencing and analysis. RNA-seq libraries were pre-
pared with the mRNA-Seq Sample Prep Kits (Illumina, P/N
1004814) according to the manufacturer’s instructions and Solexa
deep-sequencing was performed at the UCHC Translational
Genomics Core by use of [llumina Genome Analyzer (Illumina).
Reads of 75-nt long were aligned to the human genome and junc-
tion index by using bowtie*” allowing up to 2 mismatches. Only
unique alignments were reported. Gene expression levels are
reported here simply as the number of reads that mapped to the
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