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Small activating RNAs (saRNAs) are short double-stranded
oligonucleotides that selectively increase gene transcription.
Here, we describe the development of an saRNA that upregu-
lates the transcription factor CCATT/enhancer binding
protein alpha (CEBPA), investigate its mode of action, and
describe its development into a clinical candidate. A bio-
informatically directed nucleotide walk around the CEBPA
gene identified an saRNA sequence that upregulates CEBPA
mRNA 2.5-fold in human hepatocellular carcinoma cells.
A nuclear run-on assay confirmed that this upregulation is a
transcriptionally driven process. Mechanistic experiments
demonstrate that Argonaute-2 (Ago2) is required for saRNA
activity, with the guide strand of the saRNA shown to be asso-
ciated with Ago2 and localized at the CEBPA genomic locus
using RNA chromatin immunoprecipitation (ChIP) assays.
The data support a sequence-specific on-target saRNA activity
that leads to enhanced CEBPA mRNA transcription. Chemical
modifications were introduced in the saRNA duplex to prevent
activation of the innate immunity. This modified saRNA
retains activation of CEBPA mRNA and downstream targets
and inhibits growth of liver cancer cell lines in vitro. This novel
drug has been encapsulated in a liposomal formulation for liver
delivery, is currently in a phase I clinical trial for patients with
liver cancer, and represents the first human study of an saRNA
therapeutic.

INTRODUCTION
RNA activation (RNAa) was first described in 2006, where it was
reported that short double-stranded RNAs targeted to the promoter
region of a gene can activate its transcription.1 These small activating
RNAs (saRNAs) have since been shown to activate a wide variety of
genes in several mammalian species.2–11 Although similar to RNA
interference (RNAi) in that it is mediated by short RNAs and requires
Argonaute-2 (Ago2), RNAa is distinct in its kinetics and ability to
selectively induce transcriptional elongation of a target gene in the
nucleus.12 The further molecular mechanisms that distinguish
RNAa from RNAi continue to be investigated, such as the identifica-
tion of CTR9 and RHA as necessary cofactors for saRNA activity and
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the role of RNA polymerase II.13 This technology provides a new
research tool for selective gene activation, but also a novel therapeutic
approach for diseases in which endogenous gene expression has been
downregulated through mutation or transcriptional/translational
repression.

Hepatocellular carcinoma (HCC) is most commonly caused by
chronic liver damage due to cirrhosis from hepatitis virus infection,
alcohol abuse, or non-alcoholic fatty liver disease.14,15 Although
surgical resection is the preferred treatment for HCC, only
10%–25% of tumors are resectable, with a 5-year recurrence rate of
up to 80%.16 The standard of care treatment for advanced HCC is
the multikinase inhibitor sorafenib, which has a median survival
increase of just 2.8 months and a less than 5% response rate.17 There
thus remains a critical unmet need for treatment of patients with
HCC who are ineligible for tumor resection.

The CCAAT/enhancer-binding protein alpha (CEBPA) gene en-
codes C/EBP-a, a basic-leucine zipper class transcription factor
that is critical for the differentiation and function of liver and adi-
pose tissue as well as the myeloid lineage.18 Deletion of the CEBPA
gene in the liver results in dysregulation of liver-specific transcrip-
tion factors and impaired hepatocyte maturation.19 A rat model of
HCC as well as a retrospective analysis of human HCC samples
shows that C/EBP-a is downregulated in HCC and associated
with poor survival.20,21 This suggests that chronic liver disease lead-
ing to HCC may cause a dysregulation of the liver-specific tran-
scriptional network, contributing to tumorigenesis or exacerbating
the poor liver function seen in HCC.22 C/EBP-a has also been
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described as a tumor suppressor, leading to mitotic arrest through
activation of p21 and repression of E2Fs and cyclin-dependent
kinases (CDKs).23 Indeed, CEBPA knock-in mice show partial pro-
tection from HCC,24 showing that upregulation of C/EBP-a activity
has a potential to not only improve liver function, but also limit
HCC growth. Because impaired liver function is a common compli-
cation of HCC limiting the use of surgical resection,25 activation of
the C/EBP-a pathway is an attractive therapeutic target for saRNA,
with the potential to improve normal liver function while inhibiting
tumor growth.

We previously designed a CEBPA saRNA that showed increased
expression of hepatocyte-specific factors, such as albumin, hepatocyte
nuclear factor (HNF)4a, and HNF1a, and inhibited tumor growth in
a rat model of HCC.11 Here, we describe the development of this
saRNA into a clinical candidate, and demonstrate that its activity is
an on-target mechanism consistent with RNAa. The final saRNA,
CEBPA-51, has been formulated in a NOV340 SMARTICLE
(MTL-CEBPA) and is currently in phase I clinical trials for the
improvement of liver function in patients with HCC.26

RESULTS
Our saRNA bioinformatics algorithm, described previously,7 identi-
fied several hotspots of putative saRNA activity at the CEBPA gene
locus. Two of these hotspots were within the coding region of CEBPA
where a noncoding RNA (GenBank: AW665812) overlaps the gene in
the antisense orientation relative to CEBPA mRNA (Figure 1A). We
synthesized a series of saRNA oligonucleotides to perform a nucleo-
tide walk across these two hotspots, called AW1 and AW2 (Table S1).
These candidate CEBPA saRNAs were tested by transfection into the
human HCC cell line HepG2, and their ability to upregulate CEBPA
and C/EBP-a target gene albumin18 mRNA was measured (Figures
1B and 1C). This screen identified 4 sequences that upregulated
both CEBPA and albumin mRNA >1.5-fold. We chose the sequence
AW1-51 for further development as a clinical candidate because it
had the highest CEBPA mRNA upregulation (2.5-fold) and was in
the same hotspot as our previously published CEBPA saRNA. Trans-
fection of increasing concentrations of AW1-51 showed a clear dose
response of CEBPA mRNA upregulation, with an EC50 of 5.36 nM
under the conditions tested in this assay (Figure S1A). Under the
same conditions, a CEBPA small interfering RNA (siRNA) had an
IC50 of 0.05 nM (Figure S1B).

To test whether upregulation of CEBPA mRNA by AW1-51 led to an
increase in functional C/EBP protein, we used a C/EBP luciferase
reporter assay. Transfection of AW1-51 in HepG2 cells caused a
significant increase in luciferase activity (Figure 2A), indicating an
increase in functional C/EBP activity.

An increase in steady-state mRNA could be due to enhancing
mRNA stability, whereas true saRNA activity requires activation of
transcription of target gene mRNA. To determine if AW1-51 acti-
vates CEBPA transcription, we measured nascent CEBPA mRNA
transcription in a nuclear run-on experiment. After transfection of
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AW1-51 in HepG2 cells, nascent CEBPA mRNA rose 3-fold
compared to control transfected cells (Figure 2B), indicating activa-
tion of transcription.

To determine which strand of the AW1-51 duplex was responsible
for saRNA activity, we used a 50 inverted abasic modification on
each strand individually to block strand loading into Ago2.27 As
expected, a 50 inverted abasic modification on both strands
completely negated saRNA activity, but when only the sense strand
(SS) was modified, CEBPA mRNA was upregulated 2.5-fold (Fig-
ure 2C). This indicates that the antisense strand (AS) is the guide
strand loaded into Ago2. We then sought to test if this is a true
on-target mechanism by introducing mutations to the seed region
of the saRNA. Introducing a single mutation into position 3 or 4
of the seed region reduced saRNA activity to below statistical signif-
icance, whereas additional mutations caused a complete loss of activ-
ity (Figure 2D). A duplex composed of the scrambled AW1-51
sequence was also not active (Figure 2D).

Because the AW1-51 AS is the guide strand loaded into Ago2,
we wanted to rule out target cleavage of either non-coding
RNA (ncRNA) GenBank: AW665812 or other off-target RNAs be-
ing responsible for the saRNA activity. When three mutations
were introduced to the center of the AW1-51 sequence to prevent
target cleavage,28 there was no significant loss of saRNA activity
measured by upregulation of CEBPA mRNA (Figure 2E). Further,
strand-specific reverse transcription followed by qPCR with
primers flanking the saRNA target site showed that GenBank:
AW665812 RNA is upregulated rather than being downregulated
by AW1-51 (Figure 2F), demonstrating that cleavage is not
required for CEBPA upregulation.

To further develop AW1-51 as a clinical candidate saRNA, we tested
different patterns of 20-O-methyl base modifications to prevent
immune stimulation (Figure S2A). We first tested to see if these mod-
ifications affected saRNA activity. As above, a 50 SS inverted abasic on
the SS sequence does not affect saRNA activity, and two different
methylation patterns were well tolerated (Figure S2B). The lack of
activity of modification pattern 3 suggests that modifications to the
guide strand may not be well-tolerated. These two active modified
AW1-51 saRNAs were tested for TLR activation by transfection
into primary human PBMCs, and one of two patterns (modification
pattern 2) showed negligible tumor necrosis factor alpha (TNF-a)
and interferon a (IFNa) secretion in two donors (Figure S2C). This
non-immunostimulatory-modified AW1-51 saRNA was named
CEBPA-51.

We next assessed the activity of CEBPA-51 in the HCC lines HepG2
and Hep3B. Transfection of CEBPA-51 causes 1.5- to 2.5-fold upre-
gulation of CEBPA mRNA (Figure 3A) and a corresponding increase
in C/EBP-a protein (Figure 3B) by western blot, as well as a 1.5- to
2-fold upregulation of C/EBP-a downstream target albumin mRNA
in both cell lines. The effect of CEBPA-51 on HCC cell proliferation
was tested by a water-soluble tetrazolium salt (WST-1) assay, showing



Figure 1. Nucleotide Walk on CEBPA saRNA Hotspots in HepG2 Cells

(A) Schematic showing location and orientation of CEBPA mRNA and antisense transcript GenBank: AW665812, with approximate locations of AW1 and AW2 hotspots.

(B) Expression of CEBPAmRNA for each sequence transfected at 50 nM relative tomock transfected cells. (C) Expression of albuminmRNA for each sequence transfected at

50 nM relative to mock transfected cells. Error bars represent SEM.
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a significant reduction in proliferation in both cell lines over a 96-hr
time course (Figure 3C). Because CEBPA-51 has a canonical siRNA
duplex structure, we used a bioinformatic analysis to determine if
there are any predicted siRNA-like off-target effects from each strand
of the CEBPA-51 duplex in the human, mouse, rat, and rhesus and
cynomolgus monkey transcriptomes, as well as miRNA-like off-target
effects from seed region base pairing. There were no transcripts with
0 mismatches or 1 mismatch to the AS in any of the analyzed species,
and a single transcript with 1 mismatch to the SS in humans
(Figure S3A). Of the 12 transcripts with 1 mismatch or 2 mismatches
to either strand, we tested 6 that had known functions in liver or
cancer biology for siRNA-like off-target effects. CEBPA-51 caused
no significant reduction in any of these genes (Figure S3B), indicating
that there is likely no off-target regulation responsible for CEBPA-51
activity consistent with the target cleavage mutation data above. The
CEBPA-51 target sequence is conserved in human, non-human
primates, and rodents (Figure S4A). We tested and confirmed activa-
tion of CEBPA mRNA by CEBPA-51 in CYNOM-K1 cynomolgus
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Figure 2. Mechanism of Action of AW1-51 saRNA in

HepG2 Cells

(A) Relative luciferase activity representing C/EBP protein

activity after transfection with 10 nM AW1-51 saRNA.

(B) qPCR for CEBPA mRNA on nascent transcripts

isolated from nuclear run-on after 10 nM AW1-51 saRNA

transfection. (C) qPCR for CEBPAmRNA after transfection

with 10 nM AW1-51 duplexes with a 50 inverted abasic

modification on the indicated strand. (D) qPCR for CEBPA

mRNA after transfection with 10 nM AW1-51 saRNA with

mutations in the seed region. (E) qPCR for CEBPA mRNA

after transfection with 10 nM AW1-51 saRNA with muta-

tions in the center of the duplex. (F) qPCR for GenBank:

AW665812 RNA after transfection with 10 nM AW1-51.

Statistical significance shown for the indicated condition

compared to NC transfection: *p < 0.05; **p < 0.01;

***p < 0.001. Error bars represent SEM.
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monkey fibroblasts and mouse embryonic fibroblasts (MEFs)
(Figure S4B).

We used 30 biotinylated SS or AS CEBPA-51 duplexes to assess the
association of CEBPA-51 with Ago1–4. After transfection with
2708 Molecular Therapy Vol. 25 No 12 December 2017
20 nM biotinylated CEBPA-51, cells were lysed
and saRNA-protein complexes were purified
on streptavidin beads. Subsequent western blot-
ting showed an association of Ago2, but not
Ago1, Ago3, and Ago4, to both the SS and AS
strand of CEBPA-51, but not a biotinylated con-
trol oligo (Figure 4A). The importance of Ago2
for saRNA activity was confirmed by transfec-
tion of CEBPA-51 into Ago2 knockout mouse
embryonic fibroblasts, where no CEBPA
mRNA activation was seen. In contrast, in
wild-type MEFs, a 2.3-fold activation was seen
(Figure 4B). The Ago2 knockout MEFs are also
negative for siRNA activity (Figure S5). We
next used the biotinylated CEBPA-51 to isolate
chromatin associated with CEBPA-51 after
transfection. Subsequent qPCR showed a strong
signal over background at the approximate
genomic location of the CEBPA-51 sequence
(+3 kb downstream of the transcription start
site [TSS]), but not close to the TSS (Figure 4C),
providing further evidence that CEBPA-51 acti-
vates CEBPA through an on-target Ago2-medi-
ated mechanism localized to the CEBPA
genomic locus. There was also no localization
of CEBPA-51 at the albumin promoter (Fig-
ure 4C), and a control biotinylated oligonucleo-
tide showed no association at the CEBPA or
albumin promoters. Finally, we investigated
whether activation of CEBPA mRNA by
CEBPA-51 requires CTR9, a protein which has
been recently shown to be part of the saRNA-induced transcriptional
activation complex.13 Co-transfection of CEBPA-51 and CTR9
siRNA abolished saRNA activity, whereas co-transfection with a
negative control oligo had no effect on activity (Figure 4D), providing
further evidence of an saRNA mechanism.
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DISCUSSION
The field of oligonucleotide therapeutics has primarily centered
around the approach of target knockdown and inhibition. The devel-
opment of siRNA, antisense oligonucleotides, and microRNAmimics
has provided valuable treatment options to downregulate the expres-
sion of genes involved in disease progression,29 but there remain few
options for specific upregulation of gene expression in vivo without
the delivery of long synthetic mRNAs or complicated gene expression
vectors. We believe that saRNAs can provide a solution for diseases
where upregulation of gene expression is therapeutically beneficial,
and have described here the first saRNA therapeutic to reach the
clinic, CEBPA-51.

We have shown how the CEBPA-51 sequence was determined
through a nucleotide walk of bioinformatically identified hotspots
at the CEBPA gene. The identified saRNA, AW1-51, shows a specific
dose-dependent upregulation of CEBPA mRNA, leading to an in-
crease in functional C/EBP protein and albumin, a downstream
target. This upregulation of CEBPA mRNA is from transcription of
nascent mRNA, not stabilization of existing mRNA. We have also
shown that this upregulation is an on-target, Ago2-mediated mecha-
nism. Ago2 knockout cells have no CEBPA saRNA nor siRNA activ-
ity, and biotinylated CEBPA-51 saRNAs interact with Ago2 and at the
expected target site 3 kb downstream of the CEBPA TSS. Interest-
ingly, the biotinylated FLUC negative control oligo showed no asso-
ciation with Ago2, despite having a canonical siRNA structure.
Although designed to target firefly luciferase mRNA, this duplex
has been found to have no activity in cells expressing firefly luciferase
(data not shown). The lack of association with Ago proteins here may
be due to inefficient Ago loading or having no mRNA target in the
cells 72 hr after transfection. Biotinylated CEBPA-51 was not found
localized to the albumin promoter, indicating that the upregulation
of albumin seen is due to C/EBP-a, not a direct interaction of the
saRNA. An investigation of possible siRNA- ormiRNA-like off-target
effects was negative. Mutations to the seed region of the guide strand
lower or negate saRNA activity, providing more evidence of an on-
target sequence-dependent Ago2-mediated mechanism. However,
this mechanism does not require target cleavage because cleavage-
impaired AW1-51 retains activity, and the ncRNA GenBank:
AW665812, despite being perfectly complementary to the AS of the
saRNA, is upregulated, not downregulated, after saRNA transfection.
The upregulation of this ncRNA seen here may be a general conse-
quence of increased transcriptional activity at the CEBPA locus or
it may be a regulatory component of CEBPA expression. The role
of GenBank: AW665812 in CEBPA transcription is unclear and is
an area of active investigation. The passenger strand of AW1-51
is also perfectly complementary to CEBPA mRNA, meaning it is
possible for this duplex to act as an siRNA. The absence of any
CEBPA mRNA downregulation by AW1-51 is likely due to lower
internal stability of the duplex at the 50 guide end of duplex.30 The
addition of a 50 inverted abasic modification to the passenger strand
of AW1-51 to block Ago2 loading27 increased CEBPA mRNA upre-
gulation, suggesting that there is passenger strand loading from the
unmodified AW1-51 duplex. Future saRNA screens should include
passenger strand abasic modifications to prevent loading and possible
off-target effects. A previous study of the molecular mechanism of
RNAa identified CTR9, a component of the PAF1 complex, to be
an Ago2-associated cofactor required for saRNA activity.13 The
PAF1 complex is a known regulator of transcription and histone
modification.31 Because CEBPA-51 activity also requires CTR9, these
results are consistent with previously published saRNA reports and
show that the activity of CEBPA-51 is a transcriptionally driven
RNAa mechanism distinct from RNAi.

The activity of CEBPA-51 has been confirmed here in two human
HCC lines, where it upregulates CEBPA mRNA and protein, upregu-
lates the downstream C/EBP-a target albumin, and inhibits cell
growth. We previously showed that CEBPA saRNA also inhibits
tumor growth in a rat HCCmodel, upregulates a range of tumor sup-
pressor genes, and downregulates a number of oncogenic genes, such
as MYC and STAT3.11 The data reported here are consistent with this
publication, and upregulation of CEBPA mRNA by CEBPA-51 is
conserved in rodents and non-human primates. The modifications
on CEBPA-51 prevent immune stimulation, providing evidence that
the saRNA activity is not a result of innate immune reaction, and
increasing the safety profile for the clinic. Similar 20-O-methyl modi-
fication of RNA has been shown previously to suppress immune stim-
ulation of siRNA,32 consistent with the data reported here for saRNA.

Although surgical resection provides the best prognosis for long-term
survival inHCC,many patients are ineligible for treatment due to poor
liver function. We believe that upregulation of CEBPA can not only
inhibit tumor cell growth as shown here, but also restore critical liver
function in patients with advanced HCC. This is supported by our rat
HCC model, showing reduction of tumor burden as well as increased
serum albumin and decreased bilirubin, AST, and ALT with CEBPA
saRNA delivery. The combination of this novel approach with already
well-established oligonucleotide delivery vehicles like the NOV340
SMARTICLES33,34 puts saRNA therapy in a unique position for trans-
lation to the clinic. This first saRNA therapeutic, CEBPA-51 encapsu-
lated in the NOV340 SMARTICLES (MTL-CEBPA), is currently in
clinical trials for patients with liver cancer.26

MATERIALS AND METHODS
Design of saRNA Oligonucleotides

Candidate saRNA hotspots were generated using the previously
described bioinformatics algorithm.7 The list of oligonucleotides
used in this study can be found in Table S1. All bases are RNA, except
when preceded by the following to indicate a modified base:
m, 20-O-methyl; d, DNA base; and ps, phosphorothioate. Nontarget-
ing oligo “NC” or “MM” were used as a negative transfection control
for experiments using unmodified saRNAs. An inactive siRNA target-
ing firefly luciferase (“FLUC”) was used as a negative transfection
control for experiments using modified saRNAs. saRNAs with seed
mutations relative to AW1-51 have their changed bases underlined.
Biotinylated oligos were synthesized with a biotin-triethyleneglycol
(TEG) spacer attached to the 30 end of the indicated strand of the
duplex.
Molecular Therapy Vol. 25 No 12 December 2017 2709
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Cell Culture and Transfection

HepG2 human hepatocellular carcinoma cells (ATCC) were grown in
RPMI supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, and penicillin/streptomycin in a 5% CO2 incubator.
Ago2 knockout mouse embryonic fibroblasts were a kind gift from
Pal Saetrom. Unless otherwise specified, for transfections, the cells
were seeded at 1 � 105 cells per well in a 24-well plate and reverse
transfected immediately after seeding with the indicated oligonucleo-
tide concentration using 1 mL of Lipofectamine 2000 (Life Technolo-
gies). Cells were then forward transfected after 24 hr and collected for
analysis 72 hr after seeding. The indicated Silencer Negative Control
(Life Technologies) or CTR9 siRNA (Life Technologies) were used for
siRNA transfections.

Luciferase Assay

HepG2 cells were transfected as indicated above with the Cignal
C/EBP Luciferase Reporter kit (QIAGEN) according to the manufac-
turer’s protocol. Reporter plasmids were co-transfected with the indi-
cated oligonucleotide at the reverse and forward transfection. After
72 hr, the cells were lysed with Passive Lysis Buffer and assayed for
luciferase activity using the Dual-Luciferase Reporter Assay System
(Promega) on a PHERAstar Plus luminescence microplate reader
(BMG Labtech). C/EBP firefly luciferase activity was normalized to
renilla luciferase activity.

Nuclear Run-On

CEBPA transcriptional activity was measured by nuclear run-on as
previously described.35 HepG2 cells were used to determine transcrip-
tional activity after transfection with the indicated oligonucleotide.

RNA Isolation and qPCR

RNA was isolated from cultured cells using the RNeasy Mini Kit
(QIAGEN). RNA was quantitated using a Nanodrop 1000 spectro-
photometer (Thermo Scientific), and 500 ng was reverse transcribed
using the Quantitect Reverse Transcription Kit (QIAGEN). Relative
expression levels were determined by qPCR using Quantifast SYBR
Green Master Mix (QIAGEN) on an ABI 7900HT thermal cycler
(Applied Biosystems). The following Quantitect Primer Assays
(QIAGEN) were used: ALB_1_SG, CEBPA_1_SG, CTR9_1_SG,
and GAPDH_1_SG. For relative GenBank: AW665812 transcript
expression, strand-specific RT primer 50-caagaagtcggtggacaagaa was
used with the Quantitect Reverse Transcription Kit before amplifica-
tion with the following primers: F, 50-cgcagcgtgtccagttc; and R,
50-gtggagacgcagcagaag. Relative expression was determined using
the DDCt method normalized to GAPDH expression.

Western Blot

Cells were harvested in a 24-well-plate format (in triplicates) for a
pool of 3 wells per condition for total protein extraction. Prior to
Figure 3. Activity of CEBPA-51 in the HCC Lines HepG2 and Hep3B

(A) qPCR for CEBPA and ALBmRNA after transfection with 10 nM CEBPA-51. (B) Weste

a 96-hr time course after transfection with 10 nM CEBPA-51. Statistical significance sho

represent SEM.
cell lysis, the wells are washed twice with cold PBS and transferred
into pre-chilled tubes with the use of a cell scraper. The cells were
pelleted gently at 3,500 rpm for 5 min at 4�C before addition of
RIPA lysis buffer containing 50 mM Tris, 150 mM NaCl, 0.1%
SDS, 0.5% deoxycholate, 1% NP40, and protease inhibitor cocktail
(Sigma). Cells were incubated for 10min on ice, followed by vortexing
for 2 min to allow complete cell lysis. Cell debris was then removed by
centrifugation at 10,000 rpm for 10 min at 4�C. The protein superna-
tant was then transferred into a clean pre-chilled tube. Protein
amount per sample was quantified using the RC-DC Bradford assay
kit following the manufacturer’s protocol (Bio-Rad), and 50 mg of
total protein was loaded for SDS-PAGE. The acrylamide gels were
then transferred onto polyvinylidene fluoride (PVDF) membranes
for western blotting using the following antibodies: C/EBP-a,
ab40764 (Abcam); b-tubulin, ab6046 (Abcam); and anti-rabbit-
HRP, 926-8011 (LI-COR).

WST-1 Growth Assays

Cells were assessed for cell metabolism using theWST-1 assay, as pre-
viously described.11 Cells were seeded at 10,000 cells per well in a
96-well plate in triplicate and transfected as described above.

Argonaute Protein Coimmunoprecipitation

HepG2 cells were seeded in 6-well plates and transfected as described
above. After 72 hr, cells were cross linked with 1% formaldehyde for
15 min at 37�C in 5% incubator. Cold PBS with glycine was used to
quench the formaldehyde and rinse the cells before harvest for whole
cell extraction on ice using RIPA lysis buffer. Biotinylated-saRNA pro-
tein complexwas immobilizedusingDynabeads-BiotinBinder (Invitro-
gen). Following the appropriate wash cycles on a magnetic column, the
eluted protein complex was then coimmunoprecipitated with anti-
Ago1 (Millipore 07-599); Ago2 (Millipore 07-590); Ago3 (Abcam
ab154844); or Ago4 (Abcam, ab85077). Isotype immunoglobulin
G (IgG) (SantaCruz sc0-2027)was used as a negative control.The coim-
munoprecipitation complex was then immobilized using Dynabead
Protein G (Thermo Fisher), and after the appropriate wash cycles on
a magnetic column, samples were separated on SDS-PAGE and trans-
ferred onto a PVDFmembrane forwestern blotting, as described above.

Chromatin Immunoprecipitation

HepG2 cells were transfected as described above. Prior to harvest, the
cells were cross-linked in situ with 1% formaldehyde at 37�C for
10 min. Glycine was then added to a final concentration of
250 mM for 3 min to allow quenching of formaldehyde. Cells were
washed immediately 3x with ice-cold PBS and lysed with standard
RIPA lysis buffer (150 mM NaCl, 1.0% NP40, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mM Tris) with 1 � 106 cells for each
pull-down column. Cells were allowed to swell on ice for 10 min
before chromosomal fragmentation by sonication (5x pulsed at 25%
rn blot for C/EBP-a after transfection with 10 nMCEBPA-51. (C) WST-1 assays over

wn for CEBPA-51 compared to FLUC transfection: *p < 0.05; **p < 0.01. Error bars
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output on a Mircoson-Ultrasonic Cell disruptor XL). Cell fragments
were pelleted and discarded, and the supernatant containing the
fragmented chromosome was collected. Biotin immobilization was
performed overnight on a rotating chamber at 4�C using a magnetic
Dyna Bead Biotin Binder (Invitrogen), with the samples diluted in
ChIP dilution buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-
HCl). The beads were then washed 2x with low salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, and
150 mM NaCl2), followed by 1x wash with high salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, and
500 mM NaCl), followed by 1x wash in lithium chloride buffer
(0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, and
10 mM Tris-HCl), and a final 2x wash in Tris-EDTA (TE) buffer
(10 mM Tris-HCl and 1 mM EDTA). The biotin/saRNA complexes
were then reverse cross-linked for 4 hr at 65�C with 300 mM NaCl.
DNA was then purified using phenol/chloroform/isoamyl alcohol
(IAA) extraction. The DNA was precipitated in 3 M sodium acetate
buffer at �80�C for at least 1 hr, followed by ultracentrifugation at
4�C. The pellet was then washed with 70% ethanol, allowed to dry,
and resuspended in EB buffer for amplification using RT2 SYBR
Green qPCR Mastermix (QIAGEN), according to the manufacturer’s
protocol, with the following EpiTect ChIP qPCR Assays (QIAGEN):
CEBPA, GPH1020591(+)01A and GPH1020591(+)03A; and ALB,
GPH1010055(+)01A.

Statistical Analysis

Data are displayed as the mean of triplicates ± SEM. Statistical anal-
ysis was determined using an unpaired t test, with two-tailed p values
less than 0.05 considered significant.
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Supplemental Methods 

 

Nucleotide walk and dose response curves for CEBPA saRNAs 

 

Transfections were performed as described in the main text. The branched DNA assay 

(Panomics) was used for mRNA quantification, in the version Quantigene 2.0 for target genes, 

and in the version Quantigene 1.0 for hsGAPDH. This hybridization-based assay system 

provides a chemo-luminescence readout. Probe sets were custom designed by Panomics. The 

assay was performed according to the manufacturer’s instructions: Briefly, lysates were 

hybridized overnight with the respective probe set and subsequently processed for signal 

development. Signals were measured on a Victor Light luminescence reader (Perkin Elmer). For 

analysis of transfection experiments, luminescence units obtained for target mRNAs were 

normalized to the housekeeper mRNA GAPDH. Relative expression values obtained for 

transfection reagent only (“mock”) treated cells were set to 1. 

 

Isolation of human PBMCs from buffy coat of healthy donors 

 

Peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation. Briefly, 

human buffy coat blood (obtained from Institute of Transfusion Medicine, Suhl, Germany) of 

three donors was fractionated by a Ficoll gradient (Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany). The layer of white blood cells was aspirated, purified by a second gradient 

centrifugation and finally washed twice with cell culture medium (RPMI1640 without 

supplements). Viability and morphology of huPBMCs from all three donors were assessed by 

microscopy and PBMCs of two donors were nominated and used in subsequent experiments.  

 

Assaying TNF-α stimulation in PBMCs 

 

For monitoring a potential TNF-α stimulation, freshly isolated PBMCs from two healthy donors 

were seeded in regular 96-well tissue culture plates at a density of 100000 cells/well in 100µl 

complete medium (RPMI1640 supplemented with standard concentrations of L-Glutamine and 

10% FCS). Cells were transfected in triplicate with 133 nM CEBPA-51 or control sequences 

RD-01010 (positive control) and RD-01011 (negative control) using Dotap (Roche Diagnostics, 

Mannheim, Germany) as a transfection reagent according to the manufacturer’s protocol. 

Transfection reagent alone was used as mock control. In addition, controls ODN2216 (CpG-

oligonucleotide) and RD-01002 (cholesterol-conjugated siRNA) were added directly at a 

concentration of 500nM without transfection. Cells were incubated for 20 h. Supernatants from 

triplicate transfections were pooled and TNF-α secretion was measured using the “Human TNF-

α Instant ELISA” system (eBioscience, Frankfurt, Germany, #BMS223INSTCE), according to 

the manufacturer’s protocol. Each sample was measured in duplicate.  

 

 

Assaying IFN-α stimulation in PBMCs 

 

For monitoring IFN-α stimulation, freshly isolated PBMCs of two healthy donors were seeded in 

regular 96-well tissue culture plates at a density of 100000 cells/well in 100µl complete medium 

(RPMI1640 supplemented with standard concentrations of L-Glutamine and 10% FCS plus 



PHA-P (Phytohemagglutinin, 5µg/ml) and Interleukin-3 (10ng/ml)). Cells were transfected in 

triplicate with 133 nM CEBPA-51 or control sequences RD-01010 (positive control) and RD-

01011 (negative control) using Geneporter-2 (Genlantis, San Diego, USA) as a transfection 

reagent according to the manufacturer’s protocol. Transfection reagent alone was used as mock 

control. In addition, controls ODN2216 (CpG-oligonucleotide) and RD-01002 (cholesterol-

conjugated siRNA) were added directly at a concentration of 500nM without transfection. Cells 

were incubated for 20 h. Supernatants from triplicate transfections were pooled and IFN-α 

secretion was measured using the “Human IFN-α Instant ELISA” system (eBioscience, 

Frankfurt, Germany, BMS216INSTCE), according to the manufacturer’s protocol. Each sample 

was measured in duplicate. 

 

Off-target analysis 

 

At first potential off-target sites with full or partial complementarity to the sense and antisense 

strand of saRNA CEBPA51, respectively, were predicted in human, rhesus monkey, cynomolgus 

monkey, mouse, and rat transcriptomes (NCBI Reference Database release 69, January 2015) 

using a proprietary algorithm. Because positions 1 and 19 as well as the UU 3’-overhang of a 

siRNA are not essential for the siRNA activity only the 17mer sequence from position 2 through 

18 was considered for the prediction of potential off-target sites with up to 4 mismatches to the 

examined saRNA strand. Based on the number and the position of the mismatches a specificity 

score was calculated for each predicted off-target site. The specificity score for the most likely 

off-target site was assigned to the corresponding saRNA strand. In addition the number of 

predicted off-target genes with 0, 1, 2, 3 or 4 mismatches (off-target frequency) was separately 

calculated for each saRNA strand. 

 

At next potential seed-dependent, microRNA-like off-target effects were analyszed. siRNAs can 

function in a miRNA like manner via base-pairing of the seed-region (typically bases 2 through 

7) with complementary sequences within the 3’-UTR of any mRNA molecule. In silico 

prediction of functional miRNA-target sites is still not well established and usually results in the 

prediction of thousands of potentially miRNA-regulated transcripts, which is inappropriate for 

the evaluation of the risk of potential microRNA-like off-target effects. Therefore we focused on 

seed-region sequences of known miRNAs for which it is highly likely that functional miRNA 

target-sites exist. This was accomplished by comparison of the seed-region (positions 2 through 

7) of each saRNA strand with the seed-regions (positions 2 through 7) of known mature miRNAs 

from human, rhesus-monkey, rat, and mouse (miRBase release 21, June 2014). If applicable the 

seed-region identity and the name of the corresponding miRNA were tabulated for the sense and 

the antisense strand. Results are summarized in tab. 1 A and B.  After that, listings with all 

predicted off-targets for all examined species and for both saRNA strands were created. Features 

of the predicted off-target sites were described in detail: strand orientation, accession number, 

gene ID, gene symbol, transcript description, sequence of off-target site, number and position of 

mismatches, location of target site (coordinates and region), indication of perfect seed match 

(6mer seed for position 2-7, and 7mer seed for positions 2-8). In order to allow a more refined 

ranking the predicted off-target sites were then further classified based on the number of 

mismatches, the position of the mismatches and the location of the predicted target-sites in the 

5’-UTR and CDS or the 3’-UTR. The classification ranges from class 1 (most likely off-targets) 

to class 11 (least likely off-targets), with the most likely off-targets having no or few mismatches 



and having a perfect match of the saRNA seed region with the 3‘-UTR of the predicted off-

target. At next a representative transcript was defined for each off-target site in order to reduce 

redundancy of the potential presence of the same target-site sequence in multiple transcripts or 

within the same transcript. Finally the predicted off-targets were ranked according to the 

assigned off- target class. In the last step all predicted off-targets matched with up to 2 

mismatches were listed in a separate table and identical off-targets predicted for human and at 

least one other species were indicated. 

 

The cell lines Panc-1 and HuH7 were purchased from ATCC and cultured under the conditions 

recommended by the provider. For transfection, cells were plated directly into the transfection 

solution at a density of 15000 cells /well in a 96-well cell culture dish (“reverse transfection”). 

Lipofectamine 2000 (Life Technologies) was used as transfection reagent according to the 

manufacturer’s protocol. All transfections were performed in quadruplicate. The test substance 

CEBPA51 (XD-03934) was transfected in 3 concentrations (2 nM, 10 nM and 50 nM), 

scrambled control XD-03291 and Aha-1 transfection control XD-00033 were transfected at the 

highest concentration only.  After 24h incubation, cells were lysed with 150 µl of lysis mixture 

(Quantigene 2.0 assay kit, Panomics) diluted 1:3 with cell culture medium. Lysates were kept 

frozen until analysis. 

 

The branched DNA assay (Panomics /Affymetrix, Fremont, CA) was used for mRNA 

quantification, in the version Quantigene 2.0 for target genes, and in the version Quantigene 1.0 

for hsGAP-DH and mmGAPDH. This hybridization-based assay system provides a chemo- 

luminescence readout. Probe sets were custom designed by Panomics.  The assay was performed 

according to the manufacturer’s instructions: Briefly, lysates were hybridized over night with the 

respective probe set and subsequently processed for signal development. Signals were measured 

on a Victor Light luminescence reader (Perkin Elmer). For analysis of transfection experiments, 

luminescence units obtained for target mRNAs were normalized to the housekeeper mRNA for 

GAPDH. Relative expression values obtained for transfection reagent only (“mock”) treated cells 

were set to 1. 

 

Cynomolgus cross-reactivity 

 

CYNOM-K1 cynomolgus skin fibroblasts (Sigma) were maintained in MEM supplemented with 

10% FBS, 2mM L-glutamine, and penicillin/streptomycin in a 5% CO2 incubator. Cells were 

transfected with Lipofectamine 2000 as described in the main text with the indicated 

oligonucleotide and were harvested for analysis after 48 hours. 

 

 

Supplemental Table 1 

 

Name SS Sequence (5’->3’) AS Sequence (5’->3’) Notes 

NC ACUACUGAGUGACAGUAGAUU UCUACUGUCACUCAGUAGUUU Unmodified non-targeting negative 

control 

MM UCGAAGUAUUCCGCGUACGUU CGUACGCGGAAUACUUCGAUU Unmodified non-targeting negative 

control 



FLUC mCmUmUAmCGmCmUGA 

GmUAmCmUmUmCGAdTpsdT 
UCGAAGmUACUmU 

AGCGmUAAGdTpsdT Modified FLUC negative control 

AHSA1 

siRNA 
GGAmUGAAGmUGG 

AGAmUmUAGmUdTpsdT 
ACmUAAUCUCmCA 

CUUmCAUCCdTpsdT siRNA to AHSA1 

AW1-42 GUCACUGGUCAGCUCCAGCUU GCUGGAGCUGACCAGUGACUU -8nt from AW1 hotspot 

AW1-46 CAUUGUCACUGGUCAGCUCUU GAGCUGACCAGUGACAAUGUU -4nt from AW1 hotspot 

AW1-50 CGGUCAUUGUCACUGGUCAUU UGACCAGUGACAAUGACCGUU AW1 hotspot 

AW1-51 GCGGUCAUUGUCACUGGUCUU GACCAGUGACAAUGACCGCUU +1nt from AW1 hotspot 

AW1-52 GGCGGUCAUUGUCACUGGUUU ACCAGUGACAAUGACCGCCUU +2nt from AW1 hotspot 

AW1-53 AGGCGGUCAUUGUCACUGGUU CCAGUGACAAUGACCGCCUUU +3nt from AW1 hotspot 

AW1-54 CAGGCGGUCAUUGUCACUGUU CAGUGACAAUGACCGCCUGUU +4nt from AW1 hotspot 

AW1-55 GCAGGCGGUCAUUGUCACUUU AGUGACAAUGACCGCCUGCUU +5nt from AW1 hotspot 

AW1-56 CGCAGGCGGUCAUUGUCACUU GUGACAAUGACCGCCUGCGUU +6nt from AW1 hotspot 

AW1-57 GCGCAGGCGGUCAUUGUCAUU UGACAAUGACCGCCUGCGCUU +7nt from AW1 hotspot 

AW1-58 UGCGCAGGCGGUCAUUGUCUU GACAAUGACCGCCUGCGCAUU +8nt from AW1 hotspot 

AW1-59 UUGCGCAGGCGGUCAUUGUUU ACAAUGACCGCCUGCGCAAUU +9nt from AW1 hotspot 

AW2-40 AUUCAUCCUCCUCGCGGGGUU CCCCGCGAGGAGGAUGAAUUU -10nt from AW2 hotspot 

AW2-41 GAUUCAUCCUCCUCGCGGGUU CCCGCGAGGAGGAUGAAUCUU -9nt from AW2 hotspot 

AW2-42 GGAUUCAUCCUCCUCGCGGUU CCGCGAGGAGGAUGAAUCCUU -8nt from AW2 hotspot 

AW2-43 AGGAUUCAUCCUCCUCGCGUU CGCGAGGAGGAUGAAUCCUUU -7nt from AW2 hotspot 

AW2-44 AAGGAUUCAUCCUCCUCGCUU GCGAGGAGGAUGAAUCCUUUU -6nt from AW2 hotspot 

AW2-45 AAAGGAUUCAUCCUCCUCGUU CGAGGAGGAUGAAUCCUUUUU -5nt from AW2 hotspot 

AW2-46 UGAAAGGAUUCAUCCUCCUUU AGGAGGAUGAAUCCUUUCAUU -4nt from AW2 hotspot 

AW2-48 CUGAAAGGAUUCAUCCUCCUU GGAGGAUGAAUCCUUUCAGUU -2nt from AW2 hotspot 

AW2-49 GCUGAAAGGAUUCAUCCUCUU GAGGAUGAAUCCUUUCAGCUU -1nt from AW2 hotspot 

AW2-50 AGCUGAAAGGAUUCAUCCUUU AGGAUGAAUCCUUUCAGCUUU AW2 hotspot 

AW2-51 CAGCUGAAAGGAUUCAUCCUU GGAUGAAUCCUUUCAGCUGUU +1nt from AW2 hotspot 

AW2-52 CCAGCUGAAAGGAUUCAUCUU GAUGAAUCCUUUCAGCUGGUU +2nt from AW2 hotspot 

AW2-53 GCCAGCUGAAAGGAUUCAUUU AUGAAUCCUUUCAGCUGGCUU +3nt from AW2 hotspot 

AW2-54 CGCCAGCUGAAAGGAUUCAUU UGAAUCCUUUCAGCUGGCGUU +4nt from AW2 hotspot 



AW2-55 GCGCCAGCUGAAAGGAUUCUU GAAUCCUUUCAGCUGGCGCUU +5nt from AW2 hotspot 

AW2-56 AGCGCCAGCUGAAAGGAUUUU AAUCCUUUCAGCUGGCGCUUU +6nt from AW2 hotspot 

AW2-57 CAGCGCCAGCUGAAAGGAUUU AUCCUUUCAGCUGGCGCUGUU +7nt from AW2 hotspot 

AW2-58 CCAGCGCCAGCUGAAAGGAUU UCCUUUCAGCUGGCGCUGGUU +8nt from AW2 hotspot 

AW2-59 GCCAGCGCCAGCUGAAAGGUU CCUUUCAGCUGGCGCUGGCUU +9nt from AW2 hotspot 

AW2-60 GGCCAGCGCCAGCUGAAAGUU CUUUCAGCUGGCGCUGGCCUU +10nt from AW2 hotspot 
AW1-51 

seed1 
GCGGUCAUUGUCACUGCUCUU GAGCAGUGACAAUGACCGCUU Mutation at second seed position 

AW1-51 

seed4 
GCGGUCAUUGUCACUCGUCUU GACGAGUGACAAUGACCGCUU Mutation at third seed position 

AW1-51 

seed2 
GCGGUCAUUGUCUCAGCUCUU GAGCUGAGACAAUGACCGCUU Three seed mutations 

AW1-51 

seed3 
GCGGUCAUUGUGAGUCGACUU GUCGACUCACAAUGACCGCUU Four seed mutations 

AW1-51 

scr3 
GGAUUGCGUCUCGGUCUCAUU UGAGACCGAGACGCAAUCCUU AW1-51 sequence scrambled 

 

  



Supplemental Figure 1 

 

A       B 

 
 

 

Dose response curves for CEBPA saRNA and siRNA in HepG2 cells. (A) Dose response curve 

for CEBPA mRNA after transfection with increasing concentrations of AW1-51 saRNA. (B) 

Dose response curve for CEBPA mRNA after transfection with increasing concentrations of 

CEBPA siRNA. 

  

saRNA EC
50
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Supplemental Figure 2 

 

A 
Name SS Sequence (5’->3’) AS Sequence (5’->3’) 

SS 5’ inverted 

abasic 
(invabasic)GCGGUCAUUGUCACUGG

UCUU GACCAGUGACAAUGACCGCUU 

5’ IA + mod 

pattern 1 
(invabasic)GCmGGmUCmAUmUGmUC

mACmUGmGUCmUmU GACCAGUGACAAUGACCGCmUmU 

5’ IA + mod 

pattern 2 
(invabasic)mGmCGmGUCAUUmGUCA

mCUGGUCmUmU GACCAGUGACAAUGACCGCmUmU 

5’ IA + mod 

pattern 3 
(invabasic)mGmCGGmUmCAmUmUGm

UmCAmCmUGGmUmCmUmU 
GACmCAGUGAmCAAUGACCGCmU

mU 
 

B 
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Supplemental Figure 2 (cont.) 

 

C 

 
 

Modifications of AW1-51 to avoid immune stimulation. (A) Table showing modification 

patterns of AW1-51 tested. (B) qPCR for CEBPA mRNA after transfection with 10nM modified 

AW1-51 saRNA in HepG2 cells. (C) ELISA for TNFa and IFNa from PBMCs transfected with 

modified AW1-51 saRNAs. 

 

  



Supplemental Figure 3 

 

A 

 
 

  



Supplemental Figure 3 (cont.) 

 

B 

 

 
 

Off-target analysis of CEBPA-51 activity. (A) Table showing off-target frequency for each 

species analyzed. (B) Relative expression of putative off-target gene expression 24 hours after 

transfection with the indicated concentration of CEBPA-51. 
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Supplemental Figure 4 

 

A 

 
 

B       C 

 
Cross-reactivity of CEBPA-51. (A) Alignment of human, cynomolgus monkey, and rodent 

genomic sequences at the AW1-51 target site. (B) qPCR for CEBPA mRNA after transfection of 

10nM CEBPA-51 in CYNOM-K1 cells. (C) qPCR for CEBPA mRNA after transfection of 

10nM CEBPA-51 in mouse embryonic fibroblasts. Statistical significance shown for CEBPA-51 

compared to FLUC transfection: *, p < 0.05; **, p < 0.01. 
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Supplemental Figure 5 

 

 
 

siRNA activity of Ago2 KO MEFs. Relative expression of gene expression 24 hours after 

transfection with control or GAPDH siRNA at 10nM. 
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