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ABSTRACT

RNase H1-dependent antisense oligonucleotides
(ASOs) can degrade complementary RNAs in both
the nucleus and the cytoplasm. Since cytoplasmic
mRNAs are actively engaged in translation, ASO ac-
tivity may thus be affected by translating ribosomes
that scan the mRNAs. Here we show that mRNAs as-
sociated with ribosomes can be cleaved using ASOs
and that translation can alter ASO activity. Transla-
tion inhibition tends to increase ASO activity when
targeting the coding regions of efficiently translated
mRNAs, but not nuclear non-coding RNAs or less
efficiently translated mRNAs. Increasing the level of
RNase H1 protein eliminated the enhancing effects
of translation inhibition on ASO activity, suggesting
that RNase H1 recruitment to ASO/mRNA heterodu-
plexes is a rate limiting step and that translating ri-
bosomes can inhibit RNase H1 recruitment. Consis-
tently, ASO activity was not increased by translation
inhibition when targeting the 3’ UTRs, independent
of the translation efficiency of the mRNAs. Contrar-
ily, the activity of 3’ UTR-targeting ASOs tended to
be reduced upon translation inhibition, likely due to
decreased accessibility. These results indicate that
ASO activity can be affected by the translation pro-
cess, and the findings also provide important infor-
mation toward helping better ASO drug design.

INTRODUCTION

DNA-like antisense oligonucleotides (ASOs) are commonly
used to down-regulate gene expression for both research
and therapeutic purposes (1,2). ASOs are usually designed
as chimeric gapmers composed of a central DNA por-
tion, and flanked at both ends (wings) with RNA-like nu-
cleotides. To enhance pharmacological and pharmacoki-
netic properties, currently used second generation, 5-10—5
gapmer ASOs are modified with 2'-O-methoxyethyl (MOE)
at the wings, and each nucleotide is linked with phospho-
rothioate (PS) backbones (3,4). Upon base-pairing with tar-

get RNAs, ASOs can recruit RNase HI to cleave the RNA
substrate within the region complementary to the DNA
portion of ASOs (5,6). RNase H1, which is expressed in cells
at low levels and localizes in both the nucleus and the cy-
toplasm, is a limiting factor with regard to ASO-mediated
antisense activity (7-10).

PS-ASOs can be delivered into cells either through trans-
fection or by free uptake, i.e. incubation with cells without
transfection reagents (11-15). ASOs are active both in vitro
and in vivo, and can efficiently reduce the levels of both
nuclear and cytoplasmic RNAs (9,10). Many factors are
known to affect ASO activity, such as ASO uptake, intra-
cellular distribution, protein binding, target RNA accessi-
bility and stability, as well as the subcellular localization of
the RNA (2,10,12,16-21). Nuclear localization of ASOs has
been shown to positively correlate with ASO activity (22),
and robust nuclear ASO activity has been well-documented
(23,24). Recently, strong cytoplasmic activity of RNase H1-
dependent ASOs has also been demonstrated (9,17), as evi-
denced by the observations that ASOs can reduced mRNA
levels without obvious ASO nuclear localization upon free
uptake (17), and that many ASOs can rapidly reduce cyto-
plasmic mature mRNAs without affecting the levels of nu-
clear pre-mRNAs, and rapid appearance of both 5" and 3’
cleavage products in the cytoplasm upon transfection (9).
However, the cellular processes that modulate ASO activity
are still not fully understood, and it is uncertain why ASO
activity varies in different cell types or tissues. Dissecting
the mechanisms of action of ASOs is thus particularly im-
portant to further optimize the drug design, and to improve
experimental design and interpretation.

Most mRNAs are transcribed in the nucleus as pre-
cursors, which are processed to generate mature mRNAs
(25). Mature mRNAs are quickly exported to and en-
riched in the cytoplasm (26), where mRNAs are normally
engaged in translation by the ribosomes. During transla-
tion, the 40S small subunit (SSU) together with initiator
tRNA and translation initiation factors including the eI F4F
complex, associates with the 5’ UTR of mRNAs either in
a cap-dependent or in an Internal Ribosome Entry Site
(IRES)-dependent manner, forming the pre-initiation com-
plex (PIC) (27). PIC then scans the mRNA in a 5'-to-3’ di-
rection, searching for the AUG start codon (28). Once the
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start codon is identified, the 60S large subunit (LSU) joins,
forming the 80S ribosome which initiates translation (29).
Within the mRNA coding region, the 80S ribosome contin-
ues to scan the open reading frame (ORF) during transla-
tion elongation. When the ribosome reaches a stop codon,
release factors are recruited, translation stops, and 80S ri-
bosome dissembles (30). The ribosome, equipped with un-
winding activity, can melt mRNA structures to ensure the
reading along the mRNA (31,32). A mRNA molecule can
be translated simultaneously by more than one ribosome,
forming poly-ribosomes (polysomes) (33,34).

Translation can be regulated either by cis-acting elements
present in the mRNAs, e.g. 5 UTR structures, the presences
of upstream ORFs, and kozak consensus sequence, or by
trans-acting elements such as protein binding (35-37). In
addition, the 3’ UTR is also involved in translational reg-
ulation, via binding to different proteins such as PABP or
miRNAs that can modulate translation or mRNA stability
(38,39). The 5" and 3’ termini of mRNA can be connected by
protein—protein interactions between, for example, eIF4F
complex and PABP protein (40). This interaction(s) leads to
the formation of a closed loop of the mRNA, which plays a
significant role in efficient translation probably by acceler-
ating ribosome recycling (27,37). Different mRNAs can be
translated with different efficiency, which is mainly deter-
mined by the rate limiting step, translation initiation (37).
However, codon usage and mRNA structure have also been
shown to affect the translation elongation rate (41). Effi-
ciently translated mRNAs can be loaded with more 80S ri-
bosomes per mRNA than the less efficiently translated mR-
NAs (42). Thus the average distance between two adjacent
ribosomes on a mRNA is mainly determined by the initia-
tion efficiency (43). In yeast, the average distance between
two adjacent ribosomes was reported to be 154 nt (44). As
translation occurs in eukaryotes at a rate of approximately
5.5-6 amino acids per second (45,46), and the median pro-
tein length is 375 aa in humans (47), it may take 1-2 min
for a ribosome to complete the reading of a median length
ORF. If a mRNA is translated simultaneously by multi-
ple ribosomes, the time interval between two adjacent ribo-
somes on the same mRNA will be dramatically shortened.

RNase H1-dependent ASOs can trigger rapid degrada-
tion of mRNAs in the cytoplasm (9), where most mRNAs
are translated under normal conditions. It is therefore possi-
ble that ASOs can act on translating mRNAs. In such cases,
the activity of ASOs may be affected by the translating ribo-
somes, since the ASOs need to hybridize with mRNA tar-
gets, followed by the recruitment of RNase H1 protein for
cleavage (10). Meanwhile, translating mRNAs are rapidly
scanned by one or more ribosomes per mRNA, resulting
in a limited time interval between two adjacent ribosomes
(45,46,48), during which the ASO must bind, recruit RNase
H1, and induce degradation of the mRNA. The scanning ri-
bosomes may, in fact, remove ASOs from mRNA before the
recruitment of RNase H1, leading to altered ASO activity.
In short, ASO activity on mRNAs should be dependent on
several rates: the On/Off rates of ASO binding, the rate of
RNase HI recruitment, the cleavage rate of RNase H1 and
the rate of translation, to name a few.

To evaluate this hypothesis, here we analyzed the effects
of translation on ASO activity using different approaches,

and found that translation inhibition can increase the activ-
ity of ASOs when targeting the coding regions of efficiently
translated mRNAs. Over-expression of RNase HI abol-
ished the enhancement of ASO activity by translation inhi-
bition. However, translation inhibition tends to not increase
the activity of ASOs targeting the less-efficiently translated
mRNAs or nuclear non-coding RNAs or pre-mRNAs. No
enhanced ASO activity was observed upon translation inhi-
bition when targeting the 3’ UTRs, regardless of translation
efficiency. Our results suggest that efficient translation tends
to have negative effect on ASO activity when targeting the
coding region sequences of mRNAs.

MATERIALS AND METHODS

ASOs, siRNAs and primer probe sets used in this study are
listed in Supplementary Materials.

Cell culture, transfection, and drug treatment

HeLa, HEK293 and A431 cells were grown in DMEM
medium, supplemented with 10% fetal calf serum (FCS)
and 1% penicillin/streptomycin at 37°C in 5% or 8% CO,
incubator. For ASO or siRNA transfection, cells were
seeded at ~50% confluence, incubated for ON, and trans-
fected for 2.5 h with ASOs or siRNAs, using Lipofec-
tamine 2000 or RNAiMax (Life Technologies). Cells were
then treated with 100 wg/ml cycloheximide (CHX) (Sigma),
20 pM 4E1Rcat (Sigma), 20 pg/ml puromycin (Ther-
moFisher), or 625 nM lactimidomycin (LTM) (Millipore)
for an additional 1.5 h, or mock treated with ethanol or
DMSO, respectively. For specific translation inhibition of
Nucleolin (NCL) mRNA, uniform PO/MOE ASOs were
transfected at 40 nM into HeLa cells for 16 h, followed by
transfection of gapmer ASOs for an additional 4h. Plasmid
transfection was performed at 3 wg/15 cm dish using Lipo-
fectamine 3000 (Life Technologies). For transduction, ade-
novirus expressing wild-type or catalytically inactive RNase
H1 protein were added to HeLa cells at 15 MOI, incubated
for 24 h, and split to 96-well plates. After incubation for an
additional 18 h, ASOs were transfected for 2.5 h, followed
by treatment with 100 wg/ml CHX for an additional 1.5 h.
For ASO free uptake, A431 cells were incubated for ASOs
without transfection for 16 h, followed by treatment with
ethanol or 100 pg/ml CHX for an additional 1.5 h.

Luciferase activity assay

HeLa cells expressing a luciferase reporter (PXL52) as de-
scribed in (49) were treated with 100 pg/ml CHX or 20
pwM 4E1Rcat for 2 h. Cells were harvested and cell lysate
was prepared using Glo Lysis Buffer (Promega). Firefly lu-
ciferase activity was measured using Dual-Glo Luciferase
Assay system (Promega), and normalized to total protein
levels quantified using Pierce BCA Protein Assay (Ther-
moFisher).

Sucrose gradient fractionation for polysome profiling

Polysome analyses were performed as described in (49).
Briefly, ~5 x 10° HeLa or HEK293 cells grown at ~80%



confluency were treated for 15 min at 37°C with 100 pg/ml
CHX. Cells were then washed with ice-cold 1 x PBS buffer
containing 100 pg/ml CHX and harvested. Cell pellet was
washed and resuspended in 800 wl lysis buffer (20 mM Tris
pH 7.5, 5 mM MgCl,, 100 mM KCI, 100 pg/ml CHX, 2
mM DTT, 1000 unit/ml of RNaseOut (ThermoFisher)).
After incubation on ice for 10 min, cells were lysed by addi-
tion of 50 pl of 10% Triton X-100 and 50 w1 of 10% sodium
deoxycholate and incubated on ice for 5 min. Cell extracts
were then cleared by centrifugation at 4°C for 5 min at 12
000 rpm, and 250 pl cell extract was loaded onto an 11
ml, 7-47% sucrose gradient. After centrifugation at 35 000
RPM for 2 h at4°C using a SW41 rotor, fractions were taken
from top to bottom at 400 w1l each. RNA was prepared from
each fraction using RNeasy (Qiagen), and rRNA or mR-
NAs were analyzed by quantitative real-time PCR (qRT-
PCR).

For the analysis of ASO-mediated reduction of NCL
mRNA in different ribosome fractions, HelLa cells were
transfected or not transfected with NCL ASO110080 at 4
nM for 4h, treated with CHX, and harvested. Cell pellet was
then resuspended in 800 wl lysis buffer supplemented with
300 pM of XL680 (~3 fold of the transfected ASO110080),
to inhibit post-lysis cleavage induced by the ASO. After
fractionation, 10 pl aliquots from each fraction was pooled,
and RNA was prepared to determine the NCL mRNA level
after gradient fractionation. In addition, RNA was pre-
pared from 200 wl of each fraction and analyzed by qRT-
PCR as described below.

Immunoprecipitation

HeLa cells were transfected with a Xrni-specific siRNA
(5 nM) for 36 h, followed by transfection of the plasmid
expressing GFP-RPL10a for 16 h. Next, cells were either
mock-transfected or transfected with 40 nM ASO110080
for 4 h. Cells were then treated with 100 wg/ml CHX
for 15 min at 37°C, washed 3 times using ice-cold 1 x
PBS containing 100 pg/ml CHX, and collected. 1 x 107
Cells were resuspended in 800 .l lysis buffer supplemented
with 3 nM XL680 to inhibit post-lysis cleavage. For mock-
transfected cells, the buffer was also supplemented with 1
nM ASO110080 in addition to 3 nM XL680. Cell lysates
were prepared as described above for polysome profile. 350
wl cell lysate was added to Protein A/G magnetic beads pre-
coated with 15 g anti-GFP antibody (TA50041, Origene)
or mouse IgG, incubated at 4°C for 2 h, and washed five
times with wash buffer (20 mM Tris pH 7.5, 5 mM MgCl,,
150 mM KCl, 0.1% NP40, supplemented with RNaseOut).
RNA was prepared using RNeasy column (Qiagen) from
aliquots of washed beads. Co-isolated RNAs were analyzed
by qRT-PCR, or were used for 5 Rapid amplification of
cDNA ends (5 RACE). Aliquots of washed beads were
loaded on SDS-PAGE, and proteins were determined by
western blotting.

Detection of 5’ end of ASO-directed cleavage products by 5’
RACE

5-RACE was performed using 5'/3' RACE kit, second
generation (Roche), based on the manufacturer’s instruc-
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tions. Briefly, cDNA was synthesized for immunoprecip-
itated RNA or total RNA prepared from input mate-
rials, with a NCL specific, antisense primer XL876 (5'-
CGCTTTCTCCAGGTC TTCAG-3'). The cDNA was
then purified using Pure PCR product Purification kit
(Roche), and poly(A) was added to the cDNA using
Terminal Transferase (Sigma). First step PCR was per-
formed for 40 cycles (94°C, 30 s, 52°C 30 s, 68°C, 30
s) using the tailed cDNA as template, and a NCL spe-
cific primer XL877 (5-AAAACATCGCTGATACC AGT-
3’) and oligo dT-Anchor primer provided by the manu-
facturer. The PCR product was then used as templates
for second step PCR performed for 40 cycles (94°C, 30
s, 52.5°C 30 s, 72°C, 30 s), using nested primers XL878
(5-GAGATTGAAAGCCGTAGTCG-3) and an anchor
primer provided by the manufacturer. The PCR products
were analyzed on a 2% agarose gel, cloned, and sequenced.

RNA preparation and qRT-PCR

Total RNA or RNA from sucrose gradient fractions was
prepared using RNeasy (Qiagen), based on manufacturer’s
instructions. qRT-PCR was performed in triplicate us-
ing StepOne Real-Time PCR system and TagMan primer
probe sets as listed in Supplementary Materials, with Ag-
PathID™ One-step RT-PCR kit (Applied Biosystems). qRT-
PCR in 20 pl reactions was performed using the following
program: 48°C for 10 min, 94°C for 10 min and 40 cycles
of 20 seconds each at 94°C and 60°C. The qRT-PCR re-
sults were quantified using StepOne Software V2.3, calcu-
lated and plotted in Excel. Tested RNA levels in each re-
action were normalized to total RNA levels measured us-
ing SYBR Green (Life Technologies), before being calcu-
lated for average values. For quantification of RNAs pre-
pared from different gradient fractions, the relative RNA
level in each fraction was calculated as percentage of the
RNA in the fraction relative to the sum of the RNA lev-
els in all fractions. Statistics was performed using Prism,
with either #-test, or F-test for curve comparison based on
non-linear regression (dose-response curves) for XY analy-
ses, using equation ‘log(agonist) vs normalized response —
Variable slop’. The Y axis (relative level) was used as the
normalized response.

In vivo RNA structural probing

HeLa cells grown at ~80% confluence were treated at 37°C
with 100 wg/ml CHX for 1.5 h, or with 20 pg/ml puromycin
for 1.5 h followed by 100 pg/ml CHX treatment for 15
min. Dimethyl sulfate (DMS) treatment and RNA prepa-
ration was performed as previously described (49). 8 g to-
tal RNA was used in primer extension reaction using 5'-end
32P_labeled primer XL877 or XL845 for different regions of
NCL mRNA. The extension products were analyzed on an
8%, TM urea PAGE gel, and the results were visualized by
autoradiography.

Western analyses

Cells were collected using trypsin and washed with 1 x
PBS. Cell lysate was prepared using RIPA buffer (Ther-
moFisher) and cleared by centrifugation at 10 000 x g
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for 10 min at 4°C. Proteins (2040 wg/lane) were sep-
arated by 4-12% SDS-PAGE, transferred to membrane,
and specific proteins were detected with specific antibodies,
and visualized using ECL. The following antibodies were
purchased from Abcam: La (ab75927), NPM1 (ab24412),
Ku70 (ab3114), TCP1B (ab92746), PC4 (ab72132), ANXA2
(ab54771), NCL (ab13541), AGO, (Ab57113), RPL10a
(ab174318) and DDX6 (ab40684). P54nrb (sc-376865) and
Xrnl (sc-165984) antibodies were purchased from Santa
Cruz Biotechnologies. Anti-GFP antibodies (TA50041 for
IP and TA150096 for western) were from Origene. A rab-
bit RNase H1 antibody was kindly provided by Hongjiang
Wu (Ionis Pharmaceuticals). Anti-rabbit secondary anti-
body conjugated to HRP (170-6515) and anti-mouse sec-
ondary antibody conjugated to HRP (170-6516) were pur-
chased from Bio-Rad.

Immunofluorescent staining

HeLa cells were transfected with 40 nM Cy3-labeled ASO
446654 for 2.5 h, and treated or nor treated with 100 pg/ml
CHX for an additional 1.5 h. Cells were then washed with
PBS, fixed with 4% paraformaldehyde for 30 min, and im-
ages were taken using confocal microscope (Olympus FV-
1000) and processed using FV-10 ASW 3.0 Viewer (Olym-
pus). For P-body staining, HeLa cells treated with con-
trol or 100 wg/ml CHX, or 20 wM 4E1Rcat for 2 h were
washed with 1 x PBS, fixed with 4% paraformaldehyde for
30 min at room temperature, and permeabilized for 5 min
with 0.1% Triton in PBS. After blocking at room temper-
ature for 30 min with block buffer (1 mg/ml BSA in 1 x
PBS), cells were incubated for 2 h with anti-DDX6 anti-
body in block buffer, washed three times (5 min each) us-
ing wash buffer (0.1% NP-40 in 1 x PBS), and incubated
for 1 h with anti-Rabbit secondary antibody conjugated
with AF488 (Abcam, ab150077, 1:200). After washing three
times, cells were mounted with Anti-fade reagent contain-
ing DAPI (Life Technologies), and images were taken and
processed using the confocal microscope as described above.

RESULTS

Translation inhibition can affect ASO activity in reducing
target mRINA levels

HeLa cells were transfected with RNase H1-dependent, 5—
10-5 gapmer ASOs targeting either Nucleolin (NCL) or
PTEN mRNA. As a control, an ASO targeting a nuclear
retained non-coding RNA, Malatl, was also tested. These
target RNAs were chosen as they have been well studied
in our previous efforts to evaluate ASO activities (18,19).
ASOs were transfected for 2.5 h to ensure sufficient delivery,
and then translation was inhibited for an additional 1.5 h
by cycloheximide (CHX), a commonly used antibiotic that
inhibits translation elongation (50). As many tested ASOs
can reach maximum activity within 4 h after transfection
(9), and protein half-lives are relatively long (e.g. the aver-
age protein turnover rate in HeLa cells was reported to be
20 h (51)), the experimental conditions used here should al-
low us to determine the effects of translation inhibition on
ASO activity without substantial effects of CHX on global
protein levels.

gRT-PCR quantification results showed that, upon CHX
treatment, the activity of the NCL-targeting ASO was dra-
matically increased as compared with ethanol control treat-
ment, as evidenced by the greater mRNA reduction (Figure
1A). The ICsy was reduced from ~3.52 to 0.48 nM upon
CHX treatment. Interestingly, the activity of the ASO tar-
geting PTEN mRNA was not increased (Figure 1B). As a
control, the ASO targeting the untranslated Malatl RNA
showed comparable activity with or without CHX treat-
ment (Figure 1C). The effectiveness of CHX on translation
was confirmed by the observation of reduced luciferase ac-
tivity in Firefly luciferase-expressing HeLa cells with simi-
lar CHX treatment (Figure 1D). Luciferase is known to be
short-lived, with a half-life less than 3h (52). These experi-
ments (and subsequent experiments) were performed more
than three times and similar observations were obtained
(data not shown).

Enhanced activity of the NCL ASO by CHX treat-
ment was also observed in human A431 cells when ASOs
were delivered by free uptake (Supplementary Figure S1A).
The ICsyp was reduced from 3.73 to 0.35 uM by CHX
treatment. Consistent with the observations using transfec-
tion in HeLa cells, the activities of ASOs targeting PTEN
mRNA and Malatl RNA were not enhanced by CHX treat-
ment upon free uptake (Supplementary Figure S1B and C),
indicating that the observed effects are not unique to trans-
fection or unique to HeLa cells. Indeed, enhanced activity
by CHX treatment was observed for the NCL ASO (Sup-
plementary Figure S1D), but not for the PTEN and Malatl
ASOs (Supplementary Figure S1E and F), in HEK293 cells
upon transfection.

The CHX effect on the NCL ASO activity is unlikely to
have resulted from unexpected global effects caused by the
drug, as under the same conditions, the ASO activities tar-
geting PTEN and Malatl RNAs were not enhanced. The
RNA levels of NCL and Malatl were not substantially al-
tered by CHX treatment under these experimental condi-
tions (Supplementary Figure S2A), although a slight in-
crease was observed for PTEN mRNA, consistent with pre-
vious reports that CHX can stabilize some mRNAs (53).
These results indicate that the increased activity of the NCL
ASO was not due to altered mRNA basal levels. In ad-
dition, transfection efficiency and subcellular distribution
of the ASOs appeared comparable in control and CHX
treated cells (Supplementary Figure S2B). Moreover, al-
though some proteins are known to affect ASO activity,
such as RNase H1, La/SSB, NPM1, Ku70, TCP1B, PC4,
P54nrb and ANXA?2 (13,18,19,54), the levels of these pro-
teins were not substantially affected by CHX treatment for
this short time (Supplementary Figure S2C).

Other translation inhibitors caused similar effects on the
ASO activities

To further determine if the enhanced NCL ASO activity was
caused by translation inhibition and not by an unexpected
effect of CHX, HelLa cells were transfected for 2.5 h with
ASOs, and subsequently treated for 1.5 h with 4E1Rcat, a
small molecule that inhibits cap-dependent translation ini-
tiation by disrupting the interaction between elF4E and
elF4G proteins (55). Upon 4E1Rcat treatment, the activ-
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Figure 1. CHX treatment can enhance the activity of the ASO targeting NCL mRNA. HeLa cells were transfected for 2.5 h with ASOs targeting NCL
mRNA (A), PTEN mRNA (B) or Malatl RNA (C) at different final concentrations, followed by treatment with 100 wg/ml CHX or ethanol for an
additional 1.5 h. The levels of targeted RNAs were quantified by qRT-PCR and plotted. (D) Luciferase activity assay for HeLa cells transiently expressing
the Firefly luciferase treated with 100 wg/ml CHX or ethanol (Con.) for 2 h. (E-G) qRT-PCR quantification of NCL mRNA (E), PTEN mRNA (F), or
Malatl RNA (G) in HeLa cells transfected with the corresponding ASOs for 2.5 h, followed by treatment with 20 wM 4E1Rcat or DMSO control for an
additional 1.5 h. (H) Luciferase activity assay for HeLa cells transiently expressing the firefly luciferase treated with 20 wM 4E1Rcat or DM SO (Con.) for
2 h. X-axis represents ASO concentration in nM (unscaled). ‘0" indicates mock transfection. The error bars in each panel are standard deviation from three
independent experiments. P-values were calculated using t-test (panels D, H) or F-test based on non-linear regression (curve fit) using Prism.

ity of the NCL ASO was again enhanced (ICsy was reduced
from 10.02 to 4.2 nM) (Figure 1E), whereas the activity
of the PTEN ASO was slightly reduced (Figure 1F), and
no activity change was observed for the Malatl ASO (Fig-
ure 1G), as compared with DMSO treated control cells.
The effectiveness of 4E1Rcat on translation was confirmed
by the reduced luciferase activity upon treatment (Figure
1H). Similar effects of translation inhibition on ASO ac-
tivity were also observed using puromycin (Supplementary
Figure S3A), which causes pre-mature peptide release and
dissociation of ribosome subunits (56), or using lactim-
idomycin (LTM) (Supplementary Figure S3B), which in-
hibits translation initiation (50). Together, these results sug-
gest that the enhanced activity for the NCL ASO was not
unique to CHX treatment, and most likely it was caused
by translation inhibition. In alignment with the fact that
translation occurs in the cytoplasm where mRNAs are en-
riched, the ASO reduced mature NCL mRNA levels after 4h
treatment (Figure 1A), but not the level of NCL pre-mRNA
(Supplementary Figure S4A), suggesting an early and di-
rect cytoplasmic cleavage of the mature mRNA by the ASO
treatment, in agreement with our previous findings (9).

Although CHX treatment did not substantially change
the level of mature NCL mRNA, the level of NCL pre-
mRNA was decreased (Supplementary Figure S4B), con-
sistent with previous reports that CHX treatment can re-
duce pre-mRNA levels (50,57). However, the enhanced ac-
tivity of the NCL ASO was unlikely caused by the de-
creased pre-mRNA level, as 4E1Rcat treatment did not al-
ter the levels of NCL pre-mRNA and mature mRNA (Sup-
plementary Figure S4C), but still increased the activity of
the NCL ASO. Moreover, inhibition of transcription for 2
h using 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole
(DRB) dramatically decreased the level of NCL pre-mRNA
(Supplementary Figure S4D), however, DRB treatment did
not alter the activity of the NCL ASO (Supplementary Fig-
ure S4E). In addition, although CHX treatment reduced
the formation of P-bodies (Supplementary Figure S5A and
B), consistent with previous studies (58), 4E1Rcat treat-
ment did not, suggesting that the enhanced NCL ASO ac-
tivity by the two drugs was not a consequence of altered
formation of P-body, which may contain some translation-
arrested mRNAs and enzymes required for mRNA degra-
dation (59). Altogether, these results suggest that transla-
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tion inhibition led to the enhanced activity of the ASO tar-
geting NCL mRNA.

NCL mRNA is more efficiently translated than PTEN
mRNA

The different effects of CHX (and other translation in-
hibitors) on the activities of ASOs targeting NCL, PTEN
mRNAs and Malatl RNA are interesting. Malatl is a
nuclear localized IncRNA, thus we expected that transla-
tion inhibition should have no effect on the activity of the
Malatl ASO, and indeed, this was observed. Consistently,
CHX treatment also did not affect the activity of two ASOs
in reducing AGO2 pre-mRNA in the nucleus (Supplemen-
tary Figure S6). These ASOs were found previously to be
active in degrading AGO2 pre-mRNA (9). However, both
NCL and PTEN mRNAs are translated, yet only NCL ASO
activity was enhanced by translation inhibition. It is thus
possible that these two mRNAs may differ in other ways,
such as translation efficiency.

To evaluate this possibility, polysome profiles were an-
alyzed using sucrose gradient fractionation, followed by
gRT-PCR for the levels of NCL and PTEN mRNAs. The
results showed that NCL mRNA was enriched mainly in
the heavy polysome fractions (more ribosomes per mRNA)
toward the bottom of the gradient (Figure 2A), whereas
PTEN mRNA was enriched in the 80S monosome and
light polysome regions (fewer ribosomes per mRNA) (Fig-
ure 2B), as shown by the migration pattern of 28S rRNA,
which marks the positions of 80S and polysomes (Figure
2C). These results indicate that more ribosomes were loaded
to each NCL mRNA than to PTEN mRNA, and that
NCL mRNA is more efficiently translated than the PTEN
mRNA in cells.

ASOs can trigger cleavage of the NCL mRNA associated
with ribosomes

The higher translation efficiency of NCL mRNA than
PTEN mRNA may explain the enhanced activity caused
by translation inhibition for the NCL ASO, but not for
the PTEN ASO, as the NCL ASO may be affected by the
relatively short time interval between two adjacent ribo-
somes when targeting the translating mRNAs. If this is the
case, the ASOs should be able to act on translating mRNAs
and reduce the levels of mRNAs in mono-ribosome and
polysome fractions. To evaluate this hypothesis, we trans-
fected HeLa cells for 4h with the NCL ASO, at 4 nM con-
centration (approximate ICsy, Figure 1A), to better deter-
mine if reduction of mRNAs occurs during translation and
if so, in which ribosome fractions degradation of the mRNA
may happen. To inhibit post-lysis cleavage induced by the
transfected ASO, cell lysate was prepared in the presence
of excess amount of a 2’-O-methylated oligoribonucleotide
(XL680) complementary to the NCL ASO. As expected, no
further NCL mRNA reduction was observed after gradi-
ent fractionation, as determined by qRT-PCR in total RNA
samples prepared from cell lysates or from pooled gradient
fractions after fractionation (Figure 3A).

Sucrose gradient fractionation was then performed us-
ing cell lysates prepared from mock transfected cells or cells
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Figure 2. NCL mRNA migrates in heavy polysome fractions. Sucrose gra-
dient fractionation was performed as described in Materials and Methods.
RNA was prepared from each fraction and subjected to qRT-PCR analy-
ses for the levels of NCL mRNA (A), PTEN mRNA (B) and 28S rRNA
(C). The percentages of the RNAs in each fraction relative to the sum of
all fractions were calculated and plotted. The error bars represent stan-
dard deviation of three experiments. The 80S and polysome regions are
indicated based on the migration of the 28S rRNA. A schematic depiction
for mono-ribosome and polysomes is shown below panel C.

treated for 4 h with the NCL ASO. qRT-PCR results showed
that the levels of NCL mRNA were similarly reduced in
both 80S mono-ribosome and polysome fractions by the
ASO treatment, as compared with mock transfection (Fig-
ure 3B). As a control, the levels and migration patterns of
28S rRNA were not affected by the ASO transfection (Fig-
ure 3C). These results support the possibility that the ASO
can induce cleavage of NCL mRNAs associated with ribo-
somes.

To determine if ASO-mediated cleavage can indeed occur
on translating mRNAs, we sought to co-immunoprecipitate
cleaved mRNA fragments associated with ribosomes. To in-
hibit rapid degradation of the cleaved products, the 5'— 3’
exonuclease Xrnl was reduced by siRNA treatment (Sup-
plementary Figure S7A-B), as this protein is involved in the
degradation of the 3’ cleaved fragments (60). To immuno-
precipitate the ribosomes, a GFP-tagged RPL10a protein
was transiently expressed in the Xrnl reduced cells (Sup-
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plementary Figure S7C). This N-terminal GFP-targeted
RPL10a protein has been shown to be functional and is
commonly used for co-isolation of ribosome/polysome-
associated RNAs (61,62). Next, ASO110080 was trans-
fected into the GFP-RPL10a expressing cells for 4 h, and
cell lysate was prepared in the presence of excess amounts of
the complementary oligonucleotide X1L680 to inhibit post-
lysis cleavage. As a control, lysates were also prepared from
mock-transfected cells, but the ASO110080 was added to
the lysis buffer, along with the XL680 oligonucleotides. Im-
munoprecipitation was performed using an anti-GFP an-
tibody, which co-isolated both the GFP-tagged and wild-
type RPL10a proteins, as determined by western analyses
(Figure 3D). Co-precipitation of the wild-type RPL10a is
most likely due to the co-isolation of polysomes linked by
mRNAs. The GFP-RPL10a or RPL10a was not detected
in the IgG precipitated samples. As a control, the abundant
Hsp90 protein was not co-isolated with either IgG or anti-
GFP antibody.

To further determine the specificity of the immunopre-
cipitation, co-isolated RNAs were analyzed by qRT-PCR
(Figure 3E). As expected, NCL mRNA was co-isolated with
the anti-GFP antibody from mock-transfected cells, but not
substantially from the ASO-transfected cells, in which the
NCL mRNA was dramatically reduced, as seen from the in-
put samples. As a control, the un-targeted Drosha mRNA
was comparably co-isolated with GFP-RPL10a from both
ASO transfected and untransfected cells. A ncRNA, 7SL
RNA, was not substantially co-isolated, suggesting no- or
little contamination. None of the three RNAs was mean-
ingfully co-precipitated with the IgG control.

The co-isolated RNAs were then analyzed by 5 RACE
to detect the cleavage product of NCL mRNA induced by
the ASO. Only from ASO-transfected cells was a RACE
PCR product detected at expected size from the input sam-
ple, and importantly, also from the GFP-RPL10a precipi-
tated sample (Figure 3F, upper panel). Without ASO trans-
fection, no RACE product was detected from either input
or precipitated samples, suggesting that the detected RACE
product was not derived from post-lysis cleavage. The 5'-
end of the RACE product was determined by sequencing,
and was found to localize in a region that base-pairs with
the DNA portion of the 5-10-5 gapmer ASO (Figure 3F,
lower panel), consistent with the characteristic of RNase
Hl-mediated cleavage. Note that the 5" end was adjacent
to the 5 MOE wing of the ASO, likely due to incomplete
depletion of Xrnl protein, which might still cause some ex-
onucleolytic trimming of the cleavage product. Nonethe-
less, these results indicate that transfected ASOs can trigger
the cleavage of ribosome-associated mRNA, which is most
likely being translated.

Over-expression of RNase H1 attenuated the enhancement in
ASO activity by CHX treatment

As described above, it is possible that the time interval be-
tween two adjacent ribosomes on the efficiently translated
NCL mRNA is limited, which may affect the ASO binding
and/or RNase H1 recruitment under normal conditions.
If the enhanced activity of the NCL ASO by translation
inhibition was due to ribosome arrest that provided suffi-

cient time for ASO hybridization and RNase H1 recruit-
ment, over-expression of RNase H1 should reduce the effect
of CHX on the ASO activity, since higher level of RNase
HI1 protein may increase the rate of recruitment. To evalu-
ate this possibility, HeLa cells were transduced with aden-
oviruses expressing either the wild-type RNase H1, or a cat-
alytically inactive mutant (7). Both the wild-type and mu-
tant RNase H1 proteins were expressed at a level more than
8-fold higher than the endogenous protein (Figure 4A).

Next, control cells or cells over-expressing the RNase
H1 proteins were transfected with ASOs, followed by CHX
treatment. The activity of the NCL ASO110080 was once
again increased upon CHX treatment in mock-treated
cells (Figure 4B). Over-expression of the mutant RNase
H1 altered neither the ASO activity nor CHX effects, as
compared with that in control cells. As expected, over-
expression of wild-type RNase H1 increased the ASO ac-
tivity (red solid line), however, CHX treatment did not fur-
ther increase the ASO activity in these cells (red dashed
line). Similar effects were also observed for an ASO target-
ing La mRNA (Figure 4C), which showed enhanced activ-
ity upon CHX treatment in control cells (and see below),
but not further enhanced by CHX treatment in cells over-
expressing the wild-type RNase H1. Although the activity
of the PTEN ASO was increased in cells over-expressing the
wild-type RNase H1, but not the mutant, CHX treatment
reduced the activity of this ASO in cells over-expressing the
wild-type protein (Figure 4D), suggesting that the activity
of the PTEN ASO was not limited by the level of RNase
H1 protein. Together, these results indicate that CHX effect
on ASO activity can be altered by the level of functional
RNase H1 protein, and suggest that recruitment of RNase
H1 is rate limiting and the short interval of translation of
the efficiently translated NCL (and La, see below) mRNA,
but not the less-efficiently translated PTEN mRNA, is suffi-
cient to reduce the efficiency of RNase H1 recruitment (see
discussion).

Specific inhibition of NCL mRNA translation enhanced the
activity of the NCL-targeting ASO

Since CHX and other tested inhibitors can inhibit global
translation, such treatment may cause unexpected effects
that contribute to the altered activity of the NCL ASO. To
exclude this possibility and to confirm that the increased
ASO activity resulted from translation inhibition of the tar-
get mRNA, we sought to specifically inhibit translation of
NCLmRNA using an oligonucleotide complementary to its
5" UTR, at a position adjacent to the 5’ cap, as it has been
shown that stem structures of 5 UTR can inhibit transla-
tion when close to the cap (63). This oligonucleotide is uni-
formly modified with 2’-O-MOE, a form that does not trig-
ger RNase H1 cleavage but can serve as a steric blocker to
inhibit translation of the targeted mRNA in a position de-
pendent manner (49,64). As a control, a uniformly modified
oligonucleotide was designed to base-pair with the 5 UTR
of a different mRNA, the NPMI mRNA.

Upon transfection, the NCL blocker oligonucleotide,
but not the control NPMI oligonucleotide, shifted NCL
mRNA toward the top of the gradient, as compared with
mock-transfected control cells (Figure 5A). We note that the
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using Prism.

cell confluency (~90%) was comparable across the three test
cells in this experiment, but was higher than those used in
other experiments (~50-70% cell confluency). This may ex-
plain the observation that NCL mRNA, though still heavily
enriched in polysomes, was shifted from heavy polysomes
toward lighter polysomes as compared with that in Figure 3,
likely due to reduced translation in confluent cells (65). Nev-
ertheless, the results clearly showed that the NCL blocker
reduced translation of NCL mRNA. As expected, the level
of NCL mRNA was not reduced by the blocker oligonu-
cleotide treatment (data not shown) (49).

The polysome profile of the NPMI mRNA appeared
comparable in cells treated with either NCL or NPMI
blocker, with no substantial shift when compared with
mock transfected cells (Figure 5B). These results suggest
that translation of NCL mRNA was specifically reduced by
the NCL blocker, but not by the NMPI targeting oligonu-
cleotide, which was also not inhibitory for NPMI trans-

lation. This is not surprising, since many oligonucleotides
may not be active in targeting RNAs in cells, due to various
reasons including inaccessibility of the target sites. This was
further confirmed by western analysis, which showed that
NCL protein was reduced by the NCL blocker, but not by
the oligonucleotide targeting NPM 1, and that NPM1 pro-
tein was not reduced by either oligonucleotide (Figure 5C),
consistent with the polysome profiles.

Next, we evaluated the effects of specific inhibition of
NCL mRNA translation on RNase H1-dependent ASO ac-
tivity. HeLa cells were first transfected with the NCL or
NPM]I blocker oligonucleotides for 16 h to specifically in-
hibit NCL mRNA translation, and gapmer ASOs targeting
NCL, PTEN or NPM1 mRNAs were subsequently trans-
fected for 4 h. Again, enhanced activity for the NCL ASO
was observed in cells specifically inhibited of NCL transla-
tion, as compared with cells treated with the control NPM1
blocker oligonucleotide (Figure 5D). The activities of the
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ASOs targeting PTEN or NPM1 mRNAs were comparable
in the two test cells (Figure SE and F), suggesting that the al-
tered NCL ASO activity was specific to the blocker oligonu-
cleotide and not caused by pre-transfection. Together, these
results indicate that translation inhibition, and not unex-
pected effects of the inhibitors, resulted in the enhanced ac-
tivity of the ASO110080 targeting NCL mRNA.

Translation inhibition can enhance the activity of other ASOs
targeting NCL mRNA

ASO110080 targets a coding region sequence of NCL
mRNA. To determine whether the observed effects of trans-
lation inhibition on ASO activity apply to other ASOs tar-
geting NCL mRNA, 80 PS/MOE gapmer ASOs were syn-
thesized that base-pair with different regions of the NCL
mRNA, including 5 UTR, coding region, and 3’ UTR (Fig-
ure 6A). These ASOs were transfected into HeLa cells at 15
nM for 2.5 h, and then treated with ethanol or CHX for an
additional 1.5 h. qRT-PCR results showed that at this ASO
concentration, 56 out of the 80 ASOs could reduce the NCL
mRNA level by >40%, with ASO110080 and ASO110074
being the most active ASOs. Importantly, 36 active ASOs
showed increased activity (P < 0.05) upon translation in-
hibition, although to different degrees. Interestingly, all the
ASOs with enhanced activity target the coding region se-
quences. To confirm this observation, three ASOs were
tested in a more detailed dose response study, including
110055 (Figure 6B), 110074 (Figure 6C, and 110080 as a
positive control (Figure 6D). CHX treatment enhanced the
activity of all the three ASOs. In addition to the tested 5-10—
5 PS/MOE gapmer ASOs, CHX treatment also increased
the activity of 5-10-5 PS/Me or PS/cEt gapmer ASOs tar-
geting the ASO110074 site of NCL mRNA, but not the
ASOs targeting the ASO116847 site of PTEN mRNA (Sup-
plementary Figure S8), suggesting that translation can af-
fect the behavior of ASOs with other chemical modifica-
tions, likely due to the high ability of ribosomes to resolve
the RNA structures and even hybrid structures created by
ASOs with very high affinity for nucleotides such as 2'-cEt
modified ASOs. Together, these results indicate that the ob-
served translation effect was not unique to ASO110080, and
that the activity of many ASOs targeting the coding region
of NCL mRNA can be enhanced by translation inhibition.

However, reduced ASO activity was observed upon trans-
lation inhibition for certain regions within the coding se-
quence, as shown for the underlined region (Figure 6A).
Eight ASOs targeting this region showed reduced activ-
ity (from ASO110084 to ASO110091). This reduced ac-
tivity was further confirmed in a dose response study for
ASO110091 (Figure 6E), suggesting that this mRNA region
may have reduced accessibility upon translation inhibition
(see below).

After CHX treatment, the activity of the ASOs target-
ing the 5" UTR appeared to be reduced (Figure 6A). How-
ever, the activities of these ASOs were generally poor, lead-
ing us to omit these ASOs in following studies. One the
other hand, three of the four tested ASOs targeting the 3’
UTR exhibited decent activity (with >50% mRNA reduc-
tion). Interestingly, the activities of these 3" UTR-targeting
ASOs were reduced in CHX treated cells. This observa-
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tion was further confirmed in dose-response studies for two
ASOs, 110126 (Figure 6F) and 110128 (Figure 6G). To-
gether, these results indicate that for the efficiently trans-
lated NCL mRNA, translation inhibition can enhance the
activity of many, but not all, ASOs targeting the coding re-
gion, whereas the activity of ASOs targeting the 3’ UTR
tends to be reduced (see below).

The NCL mRNA coding region showing reduced ASO activ-
ity has decreased accessibility upon translation inhibition

Although many ASOs targeting the coding region of NCL
mRNA have enhanced activity upon translation inhibition,
some ASOs targeting certain region of the coding sequence
displayed reduced activity. It is possible that this particu-
lar region may have reduced accessibility upon translation
inhibition, due to, for example, conformational change. To
evaluate this possibility, an siRNA with the same sequence
as ASO110086 was tested. As both siRNA and ASO trigger
RNA degradation through base-pairing with target RNA
but via different mechanisms, i.e. RISC and RNase H1
pathways, respectively, altered accessibility should affect the
activities of both siRNA and ASO. Indeed, reduced activ-
ity was observed for both ASO110086 and siRNA-110086
upon CHX treatment (Figure 7A and B). As a control, the
activity of a siRNA targeting the same site as ASO110074
was not altered by translation inhibition (Figure 7C), in-
dicating that the RISC pathway was not affected by CHX
treatment. These results together suggest an altered acces-
sibility of the ASO110086 target region.

To further confirm a reduced accessibility, mRNA struc-
ture was analyzed by in vivo chemical modification using
dimethyl sulfate (DMS), which methylates accessible A and
C nucleotides and causes primer extension to stop one nu-
cleotide before the modified nucleotides (66). Primer exten-
sion results showed that upon CHX treatment, many nu-
cleotides in this region exhibited reduced accessibility to
DMS (Figure 7D and E), as evidenced by the weaker signal
intensities in CHX treated sample. The reduced accessibility
seems not be due to stalled ribosomes in this region by CHX
treatment, which causes translation arrest, since puromycin
treatment also led to similar reduction in accessibility (Fig-
ure 7D). Puromycin inhibits translation by causing pre-
mature peptide release and dissociation of elongation ri-
bosomes (56). Indeed, upon puromycin treatment, NCL
mRNA was shifted toward 80S monosomes, and 18S and
28S rRNAs were substantially reduced from the polysome
regions (Supplementary Figure S9A). In addition, mod-
est reduction in activity was also observed for ASO110091
or an siRNA targeting the same site as ASO110091 upon
puromycin treatment (Supplementary Figure S9B).

To determine if the mRNA region showing enhanced
ASO activity upon translation inhibition has altered acces-
sibility, we attempted but failed to test the CHX effect on
an siRNA targeting the ASO110080 site, since this siRNA
was inactive (Supplementary Figure S10A). This is not sur-
prising, as the active sites do not always overlap between
ASOs and siRNAs (67). However, as described above (Fig-
ure 7C), for the ASO110074 targeting site, the activity of
the siRNA was not affected by CHX treatment, whereas the
ASO activity was enhanced. This observation suggests that
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Figure 6. CHX treatment can enhance the activity of other ASOs targeting the coding region of NCL mRNA. (A) qRT-PCR quantification of NCL
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(B-G) qRT-PCR quantification of NCL mRNA in HeLa cells transfected with different ASOs for 2.5 h, followed by CHX treatment for 1.5 h. The error
bars represent standard deviation of three experiments. P-values were calculated using F-test based on non-linear regression (curve fit) using Prism.
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for this mRNA region with enhanced ASO activity, the ac-
cessibility was not substantially altered. This is supported
by the results from in vivo structural probing using DMS
(Supplementary Figure S10B and C). No significant dif-
ference in accessibility was observed between control and
CHX treated samples in the ASO110080 target region of
NCL mRNA. Together, these results suggest that the re-
duced ASO activity by translation inhibition can be caused
by decreased accessibility, whereas the accessibility of the
mRNA region showing enhanced ASO activity was not sig-
nificantly altered.

Translation inhibition can enhance the activities of ASOs tar-
geting other efficiently translated mRINNAs

As described above, since NCL mRNA is more efficiently
translated compared with PTEN mRNA, it is possible that
the translating ribosomes may affect RNase H1 recruitment
due to the short intervals in between two adjacent ribo-
somes for the efficiently translated NCL mRNA. If that is
the case, it may also apply to other efficiently translated mR-
NAs. As shown in Figure 5, NPMI mRNA appeared to
be efficiently translated, as the mRINA migration pattern
was similar to that of NCL mRNA. We thus performed
polysome profile analysis for HeLa cells by sucrose gradi-
ent fractionation, and determined the migration patterns
of several additional mRNAs, based on available informa-
tion of screened active ASOs, and previous reports of their
translation efficiency in mouse cells (68). NPMI mRNA
was again enriched in heavy polysome fractions, as com-
pared with the migration pattern of ribosomes indicated by
the 28S rRNA (Figure 8A and B). Three additional mR-
NAs, ANXA2, La and SODI mRNAs, were also found to
be mainly enriched in heavy polysome fractions toward the
bottom of the gradients (Figure 8C, D and E, respectively),
indicating that these mRNAs are efficiently translated.

Next, HeLa cells were transfected with ASOs targeting
the coding regions of these mR NAs, followed by CHX treat-
ment. CHX treatment enhanced the activities of two tested
NPM1 ASOs, although the two ASOs had different potency
(Figure 8F). Similarly, CHX treatment increased the activ-
ities of two tested ASOs targeting ANXA2 mRNA (Fig-
ure 8G). Moreover, enhanced activities were also observed
for the ASOs targeting La (Figure 8H) and SODI mRNAs
(Figure 81), consistent with results observed when target-
ing NCL mRNA. The enhanced activity for the La ASOs is
also consistent with the results observed above (Figure 4C).
Together, these data indicate that translation inhibition can
also enhance the activities of ASOs targeting the coding re-
gions of other efficiently translated mRNAs.

Translation inhibition tends to not enhance the activity of
ASOs targeting less efficiently translated mRNAs

Next, we evaluated if ASOs targeting other less-efficiently
translated mRNAs behave similarly as the ASO target-
ing PTEN mRNA, which is less-efficiently translated.
Polysome profiles of seven additional mRNAs were ana-
lyzed using the same samples as in Figure 8. These mR-
NAs were chosen based on the available information of
screened active ASOs, and translation efficiency as demon-
strated previously in mouse cells (68). These include AGO2,

Drosha, ACPI, CDK7, CDC2, elF4E and DPYSL2 mR-
NAs, which tend to be enriched in the 80S mono-ribosome
and light polysome regions (Supplementary Figure S11).
This is especially the case for ACPI, CDK7, CDC2, elF4E
and DPYSL2 mRNAs. Although 4AGO2 and Drosha mR-
NAs were enrichment in the polysome fractions as com-
pared with ACPI mRNA, such enrichment was much
weaker as compared with NPM1 mRNA (Figure 8B). These
results suggest that these mRNAs are less efficiently trans-
lated and are associated with one or fewer ribosomes per
mRNA at a given time, as compared with that of NCL or
NPMI1 mRNAs.

ASOs targeting the coding regions of these mRNAs were
then tested into HeLa cells. Upon CHX treatment, the ASO
activity was not enhanced for all the seven tested ASOs
targeting these less-efficiently translated mRNAs (Figure
9A-QG), similar to the PTEN ASO. As a control, the activ-
ity of the NCL ASO110080 was again increased in CHX
treated cells (Figure 9H). Interestingly, the activities of the
ASOs targeting CDK7 (Figure 9E), elF4E (Figure 9F) or
DPYSL2 (Figure 9G) were even decreased by inhibition
of translation. To determine if the ASO target sites within
these mRNAs had reduced accessibility upon CHX treat-
ment, a siRNA with the same sequence as ASO183750 was
designed to target e/F4E mRNA. Indeed, the activity of
the elF4E siRNA was also slightly reduced upon transla-
tion inhibition (Figure 91), whereas another siRNA target-
ing Drosha mRNA did not (Figure 9J), once again suggest-
ing that the RISC pathway was not impaired under these ex-
perimental conditions, and that the e/F4E ASO target site
is likely less accessible. Together, these results from seven
different mRNAs suggest that translation inhibition tends
to not enhance the activity of ASOs targeting the less effi-
ciently translated mRNAs. This is further supported by the
observation that translation inhibition did not enhance the
activity of six additional ASOs targeting different sequences
within the coding region of AGO2 mRNA (Supplementary
Figure S12).

Translation inhibition tends to reduce the activity of ASOs
targeting 3’ UTRs regardless of translation efficiency

As observed above, the activities of the three active NCL
3’ UTR ASOs were all reduced upon CHX treatment (Fig-
ure 6). To determine if this observation also applies to other
3" UTR targeting ASOs, HeLa cells were transfected with
ASOs targeting the 3’ UTRs of the efficiently translated
ANXA2, La, and SODI mRNAs, and the less-efficiently
translated AGO2, ACPI and DPYSL2 mRNAs. qRT-PCR
results showed that upon CHX treatment, the activities of
the two ASOs targeting the 3’ UTR of ANXA2 mRNA
were modestly reduced (Figure 10A and B). Similarly, re-
duced activities of ASOs targeting the 3’ UTRs of La (Fig-
ure 10C) and SOD! (Figure 10D) mRNAs were also ob-
served upon translation inhibition. Further, the activities
of ASOs targeting the 3’ UTRs of the less-efficiently trans-
lated AGO?2 (Figure 10E), ACPI (Figure 10F)and DPYSL2
(Figure 10G) mRNAs were decreased after CHX treatment.
In addition, the decreased activity of 3’ UTR ASOs was
not specific to CHX, since 4E1Rcat, LTM, or Puromycin
treatment also reduced the activities of 3’ UTR ASOs tar-
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Figure 8. CHX treatment can increase the activities of ASOs targeting other efficiently translated mRNAs. qRT-PCR quantification of 28S rRNA (A),
NPMI (B), ANXA2 (C), La (D) and SODI (E) mRNAs in different sucrose gradient fractions. The percentages of the RNAs in each fraction were calculated
and plotted. (F-I) HeLa cells were transfected for 2.5h with ASOs targeting NPMI (F), ANXA2 (G), La (H) and SODI (I) mRNAs, with two different
ASOs for each mRNA, followed by CHX treatment for an additional 1.5 h. The corresponding mRNA levels were determined by qRT-PCR. The error
bars represent standard deviation of three experiments. P-values were calculated using F-test based on non-linear regression (curve fit) using Prism.



308 Nucleic Acids Research, 2018, Vol. 46, No. 1

A B

120 - 120 =
120 - .
AGO2 120 Drosha ACP1
100 4 100 A 100 - 100 4
N\ o
o : o | R = 80 1 =80 -
x 8 x 80 ~ 3 . P<0.001 g
(] (] >
3 60 - 3 60 A 3 60 A < 60 1
P P g £
2 40 4 -%40- 40 1 &40
2 < o [~
& | ——Ethanol & ] ——Ethanol & 20 { —— Ethanol 20 4 = Ethanol
20 20 ——me e CHX
- -m--CHX --m=-CHX -—®=-CHX
0 0 0 T T T T T ™ 0
0.0 0.7 22 6.7 20.060.0 0.0 0.7 2.2 6.7 20.060.0 0.0 0.7 2.2 6.7 20.060.0 0.0 0.7 22 6.7 20.060.0
ASO136764 (nM) AS025691 (nM) AS0356752 (nM) AS0207215 (nM)
120 -
120 +
CDK7 elFAE 120 + DPYSL2
100 -
100 4 100 |
® i ®
3 80 = 80 1 —
k] > °
o 60 1 v 60 4 & g |
2 = °
& & 2
S 40 o 40 A = 40 1
o
20 1 M Et':\;nol 20 1 —+—Ethanol 20 1 ——— Ethanol
0 o L ommmmc g e S
00 07 22 67 200 60.0 00 07 22 67 200 600 00 07 22 6.7 200 60.0
AS0169350 (M) AS0183750 (nM) ASO138020 (nM)
. 120 «
120 NCL 140 1 elF4E Drosha
100 A1 120 o 100 A
=——t— Ethanol J
80 1 100 s 80 1
© ——m=-CHX ® =
= ] 80 + g
2 60 - \ z 3 60 A
< — 60 + %)
g 40 2 2 40 4
b= S ® 40 A ——e&— Ethanol -
= P<0.0001 “m_ 9] g
o 20 A “w = 50 - @ = CHX 20 A ——— Ethanol
Rt B ——m=—- CHX
0 0 0

0.0 07 22 6.7 20.0 60.0
ASO110080 (nM)

0.000 0.005 0.024 0.120 0.600 3.000
elFAE siRNA-183750 (nM)

00 01 02 06 1.7 50
Drosha-si-92 (nM)

Figure 9. Translation inhibition tends to not enhance the activity of ASOs targeting less-efficiently translated mRNAs. HeLa cells were transfected with
different ASOs for 2.5 h, followed by CHX treatment for an additional 1.5h. qRT-PCR was performed to determine the levels of targeted mRNAs, including
AGO2 (A), Drosha (B), ACPI1 (C), CDC2 (D), CDK7 (E), EIF4E (F)and DPYSL2 (G) mRNAs. (H) qRT-PCR quantification of NCL mRNA in cells treated
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with an siRNA targeting the same site as ASO183570, followed by CHX treatment. (J) qRT-PCR quantification of Drosha mRNA in HeLa cells treated
with a Drosha-specific siRNA, followed by CHX treatment, as in panel I. The error bars represent standard deviation of three experiments. P-values were
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geting NCL (Supplementary Figure S13A) or La (Supple-
mentary Figure S13B). The accessibility of the 3’ UTRs ap-
peared to be reduced upon translation inhibition, as siR-
NAs targeting the 3 UTR of NCL mRNA at same sites tar-
geted by ASO110126 or ASO110128 also showed reduced
activity (Figure 10H and I). Together, these results indicate
that translation inhibition tends to reduce the ASO activity
when targeting the 3’ UTRs, in a manner independent of the
mRNA translation efficiency.

DISCUSSION

Understanding the cellular mechanisms that affect ASO
activity is important for the design of better antisense
drugs, and for interpretation of results obtained using ASO-
mediated modulation of gene expression. Previous studies
have shown that many factors can affect ASO activity, such
as cellular ASO uptake, intracellular distribution, protein
binding, target RNA localization and local structure, as
well as RNA stability (2,10,12,16-21). Here, we show that
the translation process can also affect the activity of ASOs
in triggering target mRNA reduction. Translation inhibi-
tion using different approaches tends to increase the activ-
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fit) using Prism.

ity of ASOs targeting the coding regions of efficiently trans-
lated mRNAs, but not the less-efficiently translated mR-
NAs or nuclear non-coding RNA and pre-mRNA. To our
knowledge, this is the first time that a relatively precise site
(polysomes) of intracellular ASO activity has been demon-
strated. These observations further demonstrate robust cy-
toplasmic activity of RNase HI-dependent ASOs, as re-
cently reported using kinetics and fractionation studies (9).

Indeed, ASO-mediated mRNA cleavage products were co-
isolated with ribosomes, which are normally enriched in the
cytoplasm, further indicating that ASOs can trigger RNase
H1 cleavage in the cytoplasm, in addition to the nucleus.
The effects of translation inhibitors on ASO activity ap-
pear to result from stalled or slowed translation, and not
from non-specific effects related to the drugs. Treatment for
1.5 h with CHX that inhibits translation elongation signif-
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icantly enhanced the NCL ASO110080 activity. Under this
experimental condition, the levels of tested proteins known
to be important for ASO activity were not altered, and ASO
transfection and subcellular distribution were also unaf-
fected, suggesting that changes in ASO activity was not due
to unexpected global effects related to the CHX treatment.
This is further supported by the observations that the ac-
tivities of other ASOs targeting Malatl or some less effi-
ciently translated mRNAs (e.g. AGO2 and Drosha) were not
affected under the same conditions. In addition, similar ef-
fects on ASO activities were observed using different trans-
lation inhibitors, including 4E1Rcat, puromycin, and LTM,
which inhibit translation via different mechanisms. More
importantly, specific inhibition of NCL mRNA translation
using an oligonucleotide also specifically enhanced the ac-
tivity of the NCL ASO. Together, these results indicate that
the stalled or slowed translation led to the enhanced activity
of the ASO targeting the efficiently translated NCL mRNA.

Enhanced activity by translation inhibition was also ob-
served for different ASOs targeting the coding regions of
four additional efficiently translated mRNAs, including La,
NPMI, SODI, and ANXA2, indicating that the observed
effect was not unique to NCL mRNA. In addition to 5-10-
5 PS/MOE ASO, CHX treatment also enhanced the activ-
ity of NCL ASOs, and not PTEN or Malatl ASOs, with
5-10-5 PS/Me or PS/cEt ASO design, suggesting that the
effect of translation on ASO activity is not unique to a sin-
gle chemical modification. However, we cannot exclude the
possibility that some ASOs with different chemical modi-
fications may have different responses to translation inhi-
bition, due to altered affinity for mRNA target or altered
protein binding profiles. The ASO activity was increased
to different degrees for different ASOs targeting these mR-
NAs, suggesting that many factors, such as differences in
translate rates or local mRNA structures, can act in con-
cert to affect final ASO activity. This complexity was more
evident when multiple ASOs were tested to target different
regions of NCL mRNA. Although a majority of the active
ASOs targeting the coding region showed enhanced activity
after translation inhibition, reduced activity was observed
for several ASOs targeting certain positions of the coding
region of NCL mRNA, due to decreased accessibility.

When targeting less efficiently translated mRNAs, no en-
hancement in ASO activity was observed upon transla-
tion inhibition for seven tested mRNAs, including PTEN,
AGQO2, Drosha, CDK7, elF4E, ACPI and DPYSL2, and
for all the seven tested ASOs targeting different sequences
within the coding region of AGO2 mRNA. Contrarily, re-
duced activity was observed for the tested ASOs targeting
ACPI, CDK7, elF4E and DPYSL2 mRNAs, likely due to
reduced accessibility. Although we cannot exclude the pos-
sibility that enhanced activities might be observed upon
translation inhibition for certain ASO(s) targeting these
less-efficiently translated mRNAs when more ASOs are
tested, our current results suggest that the activity of ASOs
targeting less-efficiently translated mRNAs tends to remain
unchanged or decline.

These observations together suggest a possibility that
for the less-efficiently translated mRNAs, the interval be-
tween two adjacent translating ribosomes might be long
enough to avoid being a limiting factor for ASO binding

A RNase H1

Ribosome
—> —ﬁ ASO

Figure 11. Proposed model of translation effects on ASO action. (A) Less-
efficiently translated mRNAs. The coding region sequence (CDS) is shown
in thick lines, and UTRs are in thin lines and indicated. The ribosome
subunits are shown. Proteins that bind 5'cap, poly(A), and 3" UTR are
depicted. An ASO base-pairing with the mRNA target can recruit RNase
H1 to cleave the target mRNA. SSU, small subunit; LSU, large subunit.
(B) Efficiently translated mRNAs. The heavily loaded ribosomes are in-
dicated. The limited interval between two adjacent ribosomes may not be
sufficient for RNase H1 recruitment if the recruitment rate is limited, thus
may cause some ASOs being removed from mRNA by the ribosome.

and RNase H1 recruitment (Figure 11A). However, for the
efficiently translated mRNAs loaded with more ribosomes
per mRNA, the interval between two adjacent ribosomes is
relatively short, which may allow the translating ribosome
to interfere with ASO binding and/or RNase H1 recruit-
ment (Figure 11B). This model is supported by the obser-
vation that upon RNase H1 over-expression, CHX treat-
ment could not further enhance ASO activity, suggesting
that RNase H1 recruitment might be a limiting factor when
targeting certain mRNAs or positions. In addition, it is also
supported by the observation that the enhanced activity of
ASO110080 was not due to increased mRNA accessibility
upon translation inhibition.

The observations for 3’ UTR ASOs also support the
potential influence of translating ribosome on ASO activ-
ity. Although ASOs targeting the coding regions of effi-
ciently translated mRNAs (e.g. NCL) tend to increase ac-
tivity upon translation inhibition, this was not observed for
the 3 UTR ASOs. Since 3’ UTR is usually not scanned
by the ribosomes, translation efficiency in theory should
not affect ASOs targeting this region. Indeed, no enhanced
activity was observed for 11 tested ASOs targeting the 3’
UTRs of seven different mRNAs, regardless of the transla-



tion efficiency. Interestingly, the activities of 3¥ UTR ASOs
tend to be reduced upon translation inhibition, most likely
due to decreased accessibility, as supported by the observa-
tions that siRNAs targeting the same sites in NCL 3’ UTR
also showed reduced activity. Currently it is not clear how
3" UTR structure or composition of the mRNP changes
upon translation inhibition that tends to reduce ASO ac-
tivity. 3 UTR can associate with many regulatory factors,
such as proteins and miRNPs and can be looped with 5’
UTR (27,37). It is therefore possible that translation in-
hibition may somehow enhance or stabilize such interac-
tions, leading to reduced accessibility to ASOs and siRNAs.
Detailed understanding of the changes of 3" UTR features
upon translation modulation requires further investigation.

Although translation inhibition can enhance the activity
of RNase H1-dependent ASOs targeting the coding region
of NCL mRNA, under the same condition, the effect of
translation inhibition on the activity of siRNA targeting the
same site might be different. For example, increased activ-
ity was observed for ASO110074 upon CHX treatment, but
not for the siRNA targeting the same site (Figure 9J). It is
possible that siRNA base-pairs with target RNA in a pre-
loaded form, i.e., already associated with the endonuclease
AGO?2 before binding to target RNA (69). Once bound,
siRNA can immediately trigger cleavage of the mRNA. For
ASOs, RNase H1 needs to be recruited after ASO binding
to the target RNA (1), therefore it may require longer time
than siRNA to trigger target cleavage. This longer time re-
quirement for ASO action may thus increase the chance
to be affected by the translating ribosomes. Understand-
ing the exact mechanisms causing the different response to
translation inhibition between siRNAs and ASOs may help
to explain why in some cases the active target sites within
mRNAs do not always overlap between ASOs and siRNAs
(67,70).

The different activity changes of ASOs targeting differ-
ent mRNAs or different positions of the same mRNA upon
translation inhibition are interesting. This further high-
lights the complexity of mRNA structures in combination
with translation events. Similarly, this complex effect was
also observed for siRNAs. For example, no activity change
was observed for siRNAs targeting certain coding regions
of NCL or Drosha mRNAs, whereas reduced activity was
observed for siRNAs targeting the ASO110086-binding re-
gion and the 3’ UTR of NCL mRNA or the coding region
of elF4E mRNA. In the latter cases, reduced activities were
also observed for ASOs targeting the same sites, suggest-
ing that the reduced activity was not specific to a particu-
lar mechanism, rather, it was more likely resulted from al-
tered accessibility of the local RNA sites. These observa-
tions may partially explain previous controversial results re-
garding siRNA activity upon translation inhibition. For in-
stance, enhanced siRNA activity was detected upon trans-
lation inhibition when targeting a EGFP reporter mRNA
(71), yet reduced activity was found in other studies for
other RNAs (72). These different observations might stem
from different RNA conformational changes upon trans-
lation inhibition for different target sites or different mR-
NAs. However, other factors may also contribute to these
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different behaviors of different siRNAs, such as experimen-
tal conditions.

Together, our results suggest that translation efficiency
can affect ASO activity when targeting coding regions,
likely due to the short intervals between translating ribo-
somes. This effect may contribute to the variations in ASO
activity in different cell types or in different tissues, as
mRNA translation efficiency may be different. However,
even for efficiently translated mRNAs, active ASOs can still
be identified when targeting the coding regions, as exempli-
fied for the NCL mRNA (Figure 6), suggesting that trans-
lation efficiency may not be a major factor to limit ASO ac-
tivity, at least for the ASOs tested in this study. This is not
surprising, since many factors can affect ASO activity at dif-
ferent steps during ASO action, and different ASOs may be
affected differently by each factor. On the other hand, active
ASOs may also be identified in the 3 UTR region, where
translating ribosome may not affect ASO activity. Thus, ex-
perimental screening of ASOs is needed for identification of
the most potent ASOs. Nonetheless, our results suggest that
biological processes like translation can affect ASO activity,
and further understanding the effects of biological events
on ASO performance will be valuable to guide better drug
design as well as to provide insights that may explain in-
active or less active ASOs. Moreover, this and other stud-
ies (9,10,19,21) provide additional knowledge that should
assist better controlled experiments and more sophisticated
interpretations of experimental results. Finally, these results
further support previous studies that showed that RNase
H1 recruitment is frequently the rate limiting step in the ac-
tivity of RNase H1-activating ASOs (10,20,21).
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