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PremicroRNAs (premiRNAs) possess secondary structures consisting of a loop and a stem with multiple mismatches. Despite the
well-characterized RNAi pathway, how the structural features of
premiRNA contribute to dicing and subsequent gene-silencing
efficiency remains unclear. Using single-molecule FISH, we demonstrate that cytoplasmic mRNA, but not nuclear mRNA, is reduced
during RNAi. The dicing rate and silencing efficiency both increase
in a correlated manner as a function of the loop length. In contrast,
mismatches in the stem drastically diminish the silencing efficiency
without impacting the dicing rate. We show that this decoupling
effect is not due to the loading to the RNA-induced silencing
complex, RNA uptake, or cellular dicing. We postulate that the
stem mismatches perturb the handover of the cleaved miRNAs
from Dicer to Argonaute, leading to poor strand selection. Our
results imply that the stem structures prevalent in cellular miRNAs
have suboptimal silencing efficiency.
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NAi is an important biological pathway in which small RNA
molecules bearing a sequence complementary to target
mRNAs lead to the down-regulation of corresponding gene expression (1). It is conserved in a wide variety of organisms including animals, plants, and fungi and is predicted to influence
more than 60% of human protein-coding genes (2). Due to the
ease of applying small RNAs to deplete a specific gene of interest, RNAi has revolutionized the study of functional genomics
and has paved the way for gene therapy (3–5).
RNAi is a multistep process that initiates from the biogenesis
of miRNA or siRNA from precursor RNAs and results in the
inhibition of a target gene by an RNA-induced silencing complex
(RISC) (6–8). First, a precursor RNA (premiRNA or presiRNA)
is trimmed down to 21- to 23-bp dsRNA (miRNA or siRNA) by
a ribonuclease, Dicer (9–12). Second, Dicer hands over the
cleaved miRNA or siRNA to Argonaute (Ago). Third, a guide
strand, which bears complementarity to the target mRNA, is
selected over a passenger strand via cleavage or unwinding of the
passenger strand. Fourth, the guide strand is incorporated into
an active RISC composed of Dicer, TAR RNA-binding protein
(TRBP), and Ago (13–15). Fifth, the active RISC bearing a guide
strand searches for a target mRNA by guide strand:mRNA
complementarity (16, 17). Last, when the target is found, gene
expression from the mRNA is down-regulated by either mRNA
degradation or translational repression (18).
RNAs that induce gene silencing display two distinct structures, represented by premiRNA and presiRNA. PremiRNA
is an endogenous, genome-encoded sequence transcribed by
RNAP II in the nucleus, processed by Drosha/DGCR8, and
exported from the nucleus to the cytoplasm (6). PresiRNA is
typically exogenously applied to cells by various delivery methods. The majority of cellular premiRNAs possess a stem–loop
structure in which the stem bears multiple mismatches, whereas
presiRNAs are typically designed to be fully duplexed without
mismatch. The effect of loop size on the dicing kinetics was
reported by previously Tomari and coworkers (19) and Zeng and
www.pnas.org/cgi/doi/10.1073/pnas.1710298114

coworkers (20), but its relationship to the silencing efficiency has
not been tested. While the effect of mismatches between the
guide strand and target mRNA has been extensively studied (21–
24), the effect of mismatch between guide and passenger strand
has not been systematically examined.
We sought to study how different structural features found in
premiRNAs and presiRNAs modulate overall gene-silencing
efficiency by measuring two key steps in the RNAi pathway: (i)
dicing kinetics to measure how quickly premiRNA or presiRNA
is cleaved by Dicer, and (ii) silencing rate to quantitate how
quickly cellular mRNAs are degraded as a result of silencing. We
applied structural variants of silencing RNAs possessing different loop sizes or stem mismatches to learn about their role in
altering dicing kinetics and mRNA silencing efficiency.
We further used single-molecule FISH (smFISH) (25, 26) to
quantify cellular mRNAs with high accuracy. The smFISH
technique enables the visualization of individual mRNAs as
diffraction-limited spots in single cells without losing the spatial
information of the mRNAs (27). In fact, mRNA imaging by
smFISH enables spatial separation between nuclear mRNA and
cytoplasmic mRNA in individual cells. Based on such spatial
resolution, we demonstrate that cytoplasmic mRNAs are selectively lost during RNAi while nuclear mRNAs are maintained
without change. We show that the overall RNAi efficiency depends heavily on the structure of the silencing RNA. RNA with a
longer loop induces faster dicing and enhanced target gene silencing, indicating a correlation between dicing and silencing. For
RNAs with no stem mismatches, dicing is the rate-determining
step of RNAi. In contrast, for RNAs with mismatches in the stem,
the dicing rate is not affected at all, but silencing efficiency is
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drastically diminished, strongly indicating a decoupling between
dicing and silencing. We demonstrate that such decoupling is not
due to differences in RNA uptake, guide strand selection, or
mRNA target search, but likely is due to the step in which Dicer
hands over the cleaved RNA substrate to Ago. Our study reveals
how a longer loop size promotes dicing and silencing while mismatches on the RNA stem significantly diminish gene silencing
without affecting dicing.
Results
Quantification of RNAi-Induced mRNA Reduction Using smFISH. We
employed smFISH to study RNAi with at a single-cell resolution.
We chose a target gene for silencing to meet the following criteria. First, the number of transcripts per cell should not vary too
much from cell to cell, since a homogeneous expression profile is
critical for distinguishing RNAi-dependent changes from other
stochastic RNA-level fluctuations caused by transcription activity
and/or mRNA decay. Second, the number of mRNAs per cell
should be sufficiently high so that mRNA reduction by RNAi can
be tracked reliably. Third, the abundance or concentration of
target gene should not exceed the spatially distinguishable density
of the smFISH signal. Housekeeping genes are good candidates
because they are constitutively expressed in all cells and are likely
to exhibit low cell-to-cell variability in the numbers of mRNAs.
Based on these criteria, we selected lamin A, a housekeeping
gene, as our target gene, which displays 300–400 mRNAs per
HeLa cell with low cell-to-cell variability (28).
The smFISH probes were prepared by chemically synthesizing
32 DNA oligonucleotides (each 20 nt long), all possessing a

A

complementary sequence to lamin A mRNA. They were each
labeled with Cy3 dye (Methods and Fig. 1A). HeLa cells
treated under different silencing conditions were fixed and
permeabilized, and the FISH probes were hybridized to visualize individual lamin A mRNAs. The cells were also
stained with DAPI to visualize the nucleus (Methods and Fig.
1A). The smFISH image in the control sample (no silencing)
displays DAPI staining of the nucleus in blue and distinct
green fluorescent spots representing individual lamin A
transcripts, ∼350 mRNAs per cell (Fig. 1B, Top). We initiated
silencing in HeLa cells by transfecting short dsRNAs designed
to induce RNAi to silence lamin A. (For simplicity, we
henceforth refer to the various types of small dsRNAs used
for gene silencing in this study as “iRNA” for “interfering
RNA.”) Ten minutes after transfection with iRNAs (U5 iRNA
was used here; see Tables S1 and S2), the cell culture medium
was refreshed to wash out excess iRNA. Cells were collected
at 0, 1, 2, 3, 4, and 6 h after transfection and were prepared for
smFISH imaging.
Imaging involves taking 25–35 z-sections of every 300 nm
across the entire cell thickness to capture all of the mRNAs in
cells. Each green signal above a threshold intensity was counted
as one single mRNA, and the number of mRNAs in individual
cells was used to build a histogram at each time point. As
expected from silencing, the number of mRNAs diminished over
time (Fig. 1B). The histograms show primarily two peaks, with
one representing the unsilenced population of cells (Fig. 1C,
black outline fit) and the other peak corresponding to silenced
cells (Fig. 1C, red outline fit).
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Fig. 1. Quantitation of RNA silencing in single cells using smFISH. (A) smFISH is performed by applying 32 fluorescently labeled oligonucleotides bearing a
sequence complementary to the target mRNA (lamin A) to fixed and permeabilized cells. It enables visualizing individual mRNA molecules in single cells.
(B) smFISH images of individual cells in control cells (no iRNA) and 1, 3, and 6 h after iRNA treatment. (C) Quantification of smFISH data plotted as a function
of hours after silencing. (D) Target-specific and nonspecific iRNA treatment leads to LMNA mRNA reduction only in case of lmnA iRNA. (E) Two types of
parameters that characterize efficiency of RNAi are horizontal peak shift and vertical peak size reduction. (F) Peak shift, peak size, peak shift × peak size, and
the average (average number of mRNAs tracked over time of silencing was converted to a silenced fraction) per cell plotted over time of RNA silencing.
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Nuclear mRNA Remains Unchanged While Cytoplasmic mRNA Undergoes
Silencing. The smFISH method enables not only the quantification

of mRNA but also the localization of individual transcripts in cells
with high spatial resolution. Based on the clear separation between
nucleus and cytoplasm enabled by DAPI staining, we counted the
nuclear and cytoplasmic pools of mRNA as a function of silencing
time. In the nucleus, there are two types of smFISH signals: mature
mRNA and the pre-mRNA, which has not been spliced, likely located at the site of active transcription. To distinguish between these
two types of mRNAs, we performed dual-color smFISH in which the
exon and intron were color-coded differently. The FISH probes for
the exon and intron were labeled with Cy3 (green) and Cy5 (red),
respectively. In this scheme, pre-mRNA appeared as yellow (overlap
of green and red) and the mature mRNA as green fluorescent spots
(Fig. 2A). The representative dual-color smFISH image displays both
Koh et al.

Dicing Kinetics Correlates with Gene-Silencing Efficiency. The RNAi
pathway entails sequential steps of distinct biochemical reactions
(Fig. 3A). First, the dsRNA (premiRNA or presiRNA) undergoes
cleavage by Dicer, assisted by TRBP. The cleaved dsRNA is handed
over from Dicer to Ago. The strands of the dsRNA are separated,
and the guide strand (displayed as red line in Fig. 3A) is selected
and used for mRNA target search. Upon finding the target, the
mRNA is degraded or held from translation in the context of
P-body, both resulting in translational repression. Along the RNAi
pathway, a dsRNA morphs into three different forms starting with
the initial dsRNA with or without a loop (Dicer substrate), followed
by a shortened dsRNA after dicing (Dicer product), and subsequently to two types of ssRNA after strand selection, guide and
passenger strand (Fig. 3A). siRNAs or miRNAs that are short
enough to be loaded to Ago can bypass the dicing step (30). We
sought to examine if the dicing kinetics and RNAi efficiency are
related by testing series of Dicer substrates that require dicing before silencing. For this section, we designed series of dsRNAs that
will yield the same Dicer product, so that the steps that follow
dicing will be identical (Table S3). This strategy ensures that the
difference seen in silencing can be attributed to the dicing step.
First, we investigated the effect of loop length on RNAi efficiency. The loop is the main feature that differentiates premiRNA (with a loop) from presiRNA (without a loop). Evidence
indicates that having a loop (premiRNA) accelerates dicing kinetics and that a larger loop size further enhances the cleavage
rate by Dicer (19, 20, 31). What is unclear is whether that relationship is also reflected in mRNA silencing, i.e., if a longer
loop length, which induces a faster dicing rate, results in more
efficient gene silencing. For example, if postdicing steps include
major rate-limiting steps, the difference in the dicing rate among
loop variants would be masked. In other words, the correlation
between the dicing rate and RNAi efficiency can be expected
only if the rate-limiting step is the dicing step. We prepared
PNAS | Published online November 13, 2017 | E10351
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yellow and green spots in the nucleus (Fig. 2B; the periphery of the
DAPI-stained nucleus is marked with a white dashed circle).
We plotted the number of the nuclear mRNA (light blue bars) vs.
cytoplasmic mRNA (white bars) in individual cells over the time of
silencing (Fig. 2C). This revealed that the nuclear mRNA, excluding
the pre-mRNA, was maintained at a similar number, in contrast to
the rapidly reducing numbers of cytoplasmic mRNA induced by
RNAi (Fig. 2 C and D). The average number of nuclear lamin A
mRNA is about 40, which is approximately one tenth of the cytoplasmic mRNA in unsilenced cells (Fig. 2D). An independent plot
of nuclear mRNA vs. cytoplasmic mRNA in individual cells over
time of silencing shows the spread of nuclear mRNA between
10 and 70 with most cells exhibiting 20–50 mRNAs per nucleus
(Fig. 2E). This plot revealed a positive correlation between the
number of cytoplasmic and nuclear mRNA regardless of RNAi
condition (Fig. 2E). The slope of 0.09 for unsilenced cells (0 h)
suggests the ratio of nuclear:cytoplasmic RNA is ∼1:10 (Fig. S2,
Left). When this balance is perturbed by RNAi, the ratio changes
approximately to 1:5 (2 h), 1:3 (4 h), and 1:1 (6 h).
Next, we tested the protein level of lamin A over time after
silencing using immunofluorescence. The reduction kinetics of
the lamin A protein revealed an ∼36-h delay compared with
mRNA silencing (Fig. S2, Right). Such delay may scale with the
doubling time of HeLa cells and the turnover rate of lamin A
protein, based on the previous work which reported the characteristic cell cycle for HeLa cell as about 20 h and the median
half-life of the 4,100 proteins measured in a nondividing HeLa
cell as 36 h (29). Taken together, our results suggest that the
number of the cytoplasmic mRNA, rather than the number of
nuclear mRNA or the protein level, is the best proxy for evaluating the silencing efficiency. Therefore, we focus on cytoplasmic
mRNA quantification as a primary means of evaluating the role
of iRNA structure in RNAi efficiency.
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To test the specificity of gene silencing, we treated the cells
with an iRNA designed against the c-Myc gene for silencing and
applied the same smFISH probes prepared for lamin A transcripts. The average number of lamin A mRNA over time after
silencing revealed that only the iRNA against lamin A (red circles in Fig. 1D), but not the iRNA against c-Myc (brown circles
Fig. 1D), reduced the number of lamin A mRNAs, confirming
gene-specific silencing by the iRNA treatment. We obtained a
similar silencing result in a different human cell line, A549, albeit
with a slightly slower silencing kinetics (Fig. S1A). Interestingly,
our result suggests that there is a finite time delay of at least 1 h
after the iRNA is introduced to cells until mRNA reduction is
observed (Fig. 1 C and D). This is not due to the process of RNA
uptake, because we wash out the excess RNAs at 10 min after
transfection, suggesting that RNA uptake is a rapid process that
occurs within the first 10 min of transfection. Rather, the delay
likely represents the time required for the iRNA to be released
from endosomes that encapsulate the iRNA at the time of
transfection, as well as the process of RNAi that precedes
mRNA cleavage (Fig. 1 C and D).
The histogram analysis of single mRNA counts allows us to
quantify the silencing effect in two ways. The first is the peak
shift, which measures how much the center of the peak position
moves from a high to a low number of mRNA, reflecting silencing strength. The second is the peak size, i.e., the fraction of
cells in the silenced population, indicating silencing yield (Fig.
1E). Together, both the peak shift and peak size report on the
efficiency of gene silencing. Therefore, we analyzed both parameters for all the data obtained for this study, as shown in the
silencing histogram in Fig. 1C and the analysis of that histogram
in Fig. 1F. The silenced cell population fitted with red curve
shifted to the left while the unsilenced population reduced over
time without a peak shift (Fig. 1C). Our analysis shows that while
the peak shift approaches 90%, the peak size reaches ∼70%,
suggesting that ∼30% of cells do not undergo efficient gene silencing up to 6 h after inducing RNAi at the tested condition. To
test if the unsilenced population is the result of inefficient RNA
uptake, we quantified the cellular RNA uptake by using fluorescently labeled iRNA. We observed 98% efficiency (Fig. S1B),
suggesting highly efficient RNA uptake by nearly all cells. We also
questioned if the inefficient silencing in 30% of cells is due to the
iRNA concentration used for silencing. To address this question,
we transfected cells with 1 nM iRNA, which is 30-fold lower than
that used in Fig. 1, and found that 1 nM iRNA induced a higher
unsilenced population (Fig. S1C). However, the unsilenced population was reduced significantly at 24 h regardless of iRNA concentration, suggesting that the unsilenced cell population comes
from slower gene silencing and not from failed RNA uptake (Fig.
S1C). Our analysis scheme has the advantage of reporting on the
peak size, which provides a proxy for the homogeneity of RNAi
activation or kinetics, and the peak shift, which represents silencing
strength among various iRNA structures.
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Fig. 2. RNAi reduces cytoplasmic mRNA without changing nuclear mRNA. (A) Visualization of nuclear mRNA by using dual-color smFISH including greenlabeled probes designed against the exon and the red probes against the intron. Yellow spots are produced by the overlap of green and red represent active
transcription sites, whereas green spots are nuclear mRNA. (B) Representative dual-color smFISH image displaying the exon and intron of lamin A mRNA taken
at 0, 3, and 6 h after iRNA treatment. (C) The histogram shows nuclear (blue bars) and cytoplasmic (white bars) mRNAs as a function of silencing time.
(D) Count of nuclear (blue) vs. cytoplasmic mRNA (black) per cell. (E) The number of nuclear mRNA per cell plotted against number of cytoplasmic mRNA per
cell for 1, 2, 3, and 6 h postsilencing.

series of hairpin-structured dsRNAs with different sizes of loop (1,
3, 5, 15, or 27 nt) referred to as “U1,” “U3,” “U5,” “U15,” and
“U27,” respectively, since the loop sequence was composed of
polyuracil to avoid unintended secondary structures within the
loop. Each substrate was subjected to a dicing assay in which fluorescently labeled RNA substrates were incubated with purified
human Dicer and the cleaved products were resolved on denaturing PAGE and visualized by a fluorescence gel imager
(Methods and Fig. 3B). Consistent with the previous reports (20,
32), the dicing rate was faster for dsRNA with a longer loop size
(Fig. 3C). We note that the multiple bands seen in U1 are likely
caused by a short loop that distorts the helical structure of the stem.
This pattern disappears from U3, suggesting U3 and the longer
loops than U3 allow proper formation of the RNA stem.
In parallel, the same set of substrates was applied to cells to
silence the lamin A gene. The silencing efficiency was quantified
by counting the number of mRNAs (smFISH spots) after 4 h of
RNA transfection in HeLa cells (Fig. 3D), because it is difficult
to observe differences in silencing at longer time point when
most cells already have undergone gene silencing regardless of
different silencing kinetics (Figs. 1 and 2). The smFISH data
analyzed from individual cells and compiled to histograms clearly
show that silencing is more efficient with longer looped substrates (5–27 nt), as evident from the higher degree of peak shift
observed for U5 and U27 (Fig. 3D). The histogram was dissected
into a peak size and peak shift analysis, as before (Fig. 1 E and
F). Silencing efficiency (peak shift × peak size) plotted against
the dicing rate for the loop-length variants shows that dicing
kinetics and silencing efficiency are correlated, suggesting that
E10352 | www.pnas.org/cgi/doi/10.1073/pnas.1710298114

the dicing step is likely the rate-limiting step for these substrates
(Fig. 3E). The dicing rate and silencing efficiency measured for
U27_TT (which is identical to U27 except for two deoxythymidines at the 3′ overhang) yielded slow dicing and low silencing efficiency, hence the data located along the linear fit
(Fig. 3E). This is likely due to the TTs reducing the affinity of
RNA to Dicer, consistent with a previous report (33).
Interestingly, for all histograms, only the peak shift, but not the
peak size, correlated with the dicing rate (Fig. 3E). The constant
level of peak size (light blue circles) shows that the fraction of cells
undergoing active silencing is similar, independent of loop size or a
DNA tail of iRNA. In contrast, the different levels of peak shift
(black squares) and the product of size and shift (red triangles)
indicate that silencing efficiency varied substantially depending on
the loop size (Fig. 3E). The averaged silencing efficiency, which was
independently calculated by taking the average number of mRNAs
in all cells, also correlated with the dicing rate, further supporting
the correlation between the dicing kinetics and the gene-silencing
efficiency (Fig. 3E). Taking these findings together, we show that
the small loop size in the range of 1–3 nt leads to slow dicing, giving
rise to inefficient silencing, whereas longer loops of 5 nt or above
induce fast dicing and efficient silencing. Such correlation was also
observed when the loop sequence composition was changed from
polyuracil to mixed bases taken from prelet7 miRNA (Fig. S3),
supporting the dicing step as the rate-limiting step.
Stem Mismatch Breaks the Correlation Between Dicing and Silencing.

Next, we studied the effect of mismatches in the stem, which are
prevalent in most miRNAs but not in siRNAs. Previous studies
Koh et al.
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Fig. 3. Dicing kinetics is correlated with gene-silencing efficiency. (A) Schematic of the RNAi pathway, which involves dicing, Dicer-to-Ago handover, strand
selection, target searching, and mRNA silencing. (B) Dicing results on loop length variants of U1, U5, U15, U27, and U27 with TT overhang. (C) Quantification
of dicing rate. (D) mRNA histogram of loop length variants after 4 h of silencing. (E) Silencing efficiency plotted against dicing rate for loop length variants.
The peak size (blue symbols) is similar for all RNAs, but the peak shift (black symbols) and shift × size (red symbols) show a linear correlation between the
dicing rate and silencing efficiency. See Fig. 1 E and F for fitting parameters.

reported on the effect of mismatches in Ago loading and unwinding of the siRNA substrates (34, 35). However, how mismatches in the stem influence RNAi efficiency remains elusive.
For this study, we prepared a series of RNA substrates with the
same loop length (U27) and one or multiple mismatches along
the duplex stem. In all RNAs, we kept the same guide strand so
that the subsequent downstream processes, including mRNA
target search, pairing with the target mRNA, and gene silencing,
will not differ among different stem variants. Therefore, the
stem variants were created by introducing single and multiple
mismatches exclusively on the passenger strand (Fig. 4A). The
positions of the multiple mismatches were adopted from a wellknown miRNA structure, prelet7 (36).
When we performed the dicing assay using stem structuremismatch variants with no to four mismatches along the stem, we
obtained similar dicing kinetics for all dsRNAs possessing no
mismatch to four mismatches along the stem, strongly suggesting
that the mismatches on the stem do not hamper the RNA
cleavage activity by Dicer (Fig. 4 B and C). In contrast, the RNA
silencing induced by the same set of stem-mismatch variants
revealed a dramatic difference in silencing efficiency. Remarkably,
the constructs with mismatches displayed drastically diminished
silencing efficiency, as seen by inefficient mRNA reduction at
4 h after iRNA transfection, compared with the construct with
no mismatch (Fig. 4D). Dissection of the smFISH data by peak
size and peak shift shows that while the peak size remains unchanged, peak shift shows a substantially reduced silencing.
Again, the peak shift reflects the silencing strength while peak
size serves to confirm that RNAi is equivalently active in all
Koh et al.

conditions (Fig. 4E). In summary, the mismatches along the
dsRNA stem significantly diminish the RNAi efficiency without
influencing the dicing kinetics and thereby break the correlation
between the dicing rate and the RNAi efficiency (Fig. 4F).
To test if this decoupling effect arises from a gene-specific
case, we tested dicing and silencing of an unrelated gene, poly
(A)-binding protein C (PABPC). In the same manner, we prepared iRNAs containing unstructured or structured stems
designed against PABPC mRNA and applied them to dicing and
silencing platforms. We observed that the dicing rate was similar,
but the silencing efficiency was greatly diminished by the stem
mismatches, strongly supporting the stem mismatch-dependent
decoupling of dicing and silencing (Fig. S4). Next, we tested if
the observed decoupling effect of dicing and silencing may result
from in vitro dicing rates generated from using purified Dicer.
To test the cellular dicing rate, we used HeLa cell lysates and
fluorescently labeled iRNA substrates with and without stem
mismatches and probed for the cleaved vs. uncleaved RNA. The
result shows that the cellular dicing rate is comparable in the two
substrates, ruling out the possibility that the low silencing by
stem-mismatched RNA is due to a decreased cellular dicing rate
(Fig. S5A). We also checked if the effect might result from lessefficient iRNA uptake caused by the stem mismatches. To check
this, we transfected cells with eight different fluorescently labeled iRNAs. Then, each iRNA was isolated from the cell
lysate and quantified by gel electrophoresis. When the iRNA
uptake was plotted against RNA silencing efficiency, we did
not see any correlation, indicating that the RNA uptake is not
responsible for the different silencing efficiency of iRNAs with
PNAS | Published online November 13, 2017 | E10353
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different structures (Fig. S5). Taken together, our findings suggest that the low silencing efficiency induced by stem mismatches
is not due to a gene-specific effect, discrepancy between in vitro
and cellular dicing, or RNA uptake but results from postdicing
steps of RNAi. The observation that RNAi efficiency is greatly
diminished by the stem mismatches is intriguing, given that most
cellular miRNAs harbor mismatches along the stem (37).
Stem Mismatch Impedes Dicer-to-Ago Handover and Subsequent Ago
Loading. Which postdicing step may be responsible for the poor

silencing induced by stem mismatches? The possible ratelimiting steps in the postdicing process include (i) the process
by which Dicer hands over cleaved RNA product to Ago; (ii) the
unwinding of the guide and passenger strands; (iii) strand selection; (iv) target search; and (v) mRNA degradation (see Fig.
6). We can rule out steps of iv and v (target search and mRNA
degradation), because all iRNA substrates used in the current
study have an identical guide strand, which should produce the
same outcome for target search and mRNA degradation. To address if step ii, unwinding of guide and passenger strand, or iii,
strand selection, is responsible for the decoupling effect, we prepared iRNAs that represent the precleaved Dicer product that can
be directly loaded to Ago for further downstream processing. The
precleaved RNA enables bypassing both the dicing reaction and
Dicer-to-Ago handover steps, thereby probing only the steps
starting after the Ago loading (Fig. 5A). Therefore, this scheme
allows one to distinguish between pre-Ago loading and post-Ago
loading. If the post-Ago loading is the major rate-limiting step
responsible for the reduced silencing efficiency induced by stem
mismatches, we would expect to observe the same degree of difference in Dicer products as in Dicer substrates. We prepared a
series of Dicer products that are devoid of loop structure and
E10354 | www.pnas.org/cgi/doi/10.1073/pnas.1710298114

contain mismatches identical to the Dicer substrates used above
(Fig. 4). As before, we quantified the RNAi efficiency after 4 h of
RNA transfection using smFISH.
Overall, the silencing efficiency for the Dicer products was
lower than that for the Dicer substrates that require dicing (Fig.
5B). Interestingly, a 3′ single mismatch produced more efficient
silencing than the rest of the substrates, including the one with
no mismatch (Fig. 5 B and C). The analysis of peak size and shift
demonstrated again that the peak shift, not peak size, reflected
the difference in gene silencing by differently structured iRNAs
(Fig. 5C). To compare the stem-mismatch effect in Dicer product vs. Dicer substrates, we plotted the two sets of data against
each other (Fig. 5D). As seen, while stem mismatches produced
substantial differences in Dicer substrate, the same mismatches
in Dicer product did not exhibit much variation in silencing efficiency, as indicated by a narrow distribution in the y axis (Fig.
5D). This result indicates that the stem mismatches do not significantly alter the steps downstream of Ago loading.
To further analyze the effect of mismatch in lowering silencing
efficiency, we tested if and how Ago loading outcome is modulated by mismatches in the RNA stem. We prepared doubly labeled iRNAs (guide strand labeled with Cy3 and passenger strand
with Cy5) with or without mismatches, applied them to HeLa cell
lysate, and performed an EMSA (Fig. S6A). The result reveals
several important ways in which silencing efficiency is modulated
by stem mismatches. First, the overall Ago loading is lower in the
case of four mismatches (Fig. S6B, total in navy blue), which is
likely due to inefficient handover of diced RNA from Dicer to
Ago2. Second, the presence of mismatches interferes with the
guide strand loading to Ago2 (Fig. S6B, guide in green). Third, the
mismatches promote the nonproductive passenger strand loading
to Ago2 (Fig. S6B, passenger in red). All three effects together
Koh et al.
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contribute to the reduction of silencing efficiency. This result also
implies that the mismatches on the RNA stem may lead to compromised strand-selection bias, leading to increased formation of
passenger–Ago complexes. Taken together, these results show
that, while stem mismatches do not interfere with RNA uptake,
dicing, and post-Ago loading, they impede Ago-loading efficiency
and strand-selection accuracy. Therefore, we conclude that the
stem mismatches likely hinder steps i–iii, the process by which
Dicer hands over cleaved RNA product to Ago and the concomitant selection of the guide strand (Fig. 6).
Discussion
In this study, we took advantage of the smFISH technique, which
enables single mRNA counting in single cells. Even though the
smFISH cannot report on the translational repression induced by
RNAi, it enables precise quantification of RNAi at the mRNA
level. We uncovered features of the RNAi pathway that cannot
be addressed by other preexisting mRNA detection methods.
Conventional methods for mRNA detection require pulling
mRNA from a batch of cells to generate enough signal for
quantification, averaging out the mRNA level over a large cell
population. The use of smFISH to study RNAi provides several
unique advantages over the conventional mRNA detection
methods: (i) highly accurate and direct mRNA quantification
without the need for amplification; (ii) the ability to count single
mRNA molecules in single cells; (iii) image-based analysis providing localization of individual mRNAs, enabling quantitation
of nuclear mRNA and cytoplasmic mRNA separately; and
(iv) (related to ii and iii) capturing cell-to-cell variation in mRNA
copy number. Interestingly, we observed cell-to-cell heterogeneity
in response to RNAi represented by the distinct unsilenced and
silenced cell population (Fig. 1C).
The independent detection of cytoplasmic and nuclear mRNA
revealed that RNAi reduces only cytoplasmic mRNA without
affecting nuclear mRNA. It has been reported that RNAi happens mainly in the cytoplasm, not in the nucleus, because Ago is
primarily present in cytoplasm (38–40). On the other hand,
Koh et al.

several reports suggested the possibility of RNAi activity in the
nucleus (41). Indeed, the nuclear RNAi pathway plays an important role in the centromere function of Schizosaccharomyces
pombe and in the sexual reproduction of ciliate Tetrahymena. In
addition, some compartments of RNAi exist in the nucleus of
NRDE-3 in Caenorhabditis elegans and in Piwi proteins in Drosophila and mouse. Our results demonstrate that only the cytoplasmic mRNA is reduced significantly by RNAi, while the
nuclear mRNA is maintained at a constant level in HeLa cells,
suggesting that RNAi mainly impacts cytoplasmic mRNA in
mammalian systems. Such results point toward a regulatory
mechanism that sustains a steady level of nuclear mRNA concentration regardless of the changes in the cytoplasmic mRNA.
One possibility is that the rate of transcription and the rate of
mRNA export from the nucleus to the cytoplasm are kept in
balance to maintain a constant mRNA concentration in the
nucleus. In addition, we observed a positive linear correlation
between the number of mRNAs in the nucleus and in the cytoplasm regardless of RNAi (Fig. 2E). This may reflect the abundance of mRNA that scales with the cellular volume to maintain
a constant mRNA concentration in individual cells (28). For
example, smaller cells may have lower numbers of both nuclear
and cytoplasmic mRNA, and vice versa. Furthermore, this reflects another layer of regulation, which may involve an active
communication between the nucleus and cytoplasm to maintain
a homeostasis of mRNA numbers across both compartments.
When such balance is perturbed by RNAi, the nuclear mRNA is
sustained, but the cytoplasmic mRNA is selectively lost.
It is critical to understand how the structure of iRNA affects
the RNAi pathway, since such knowledge can be applied directly
to enhance RNAi efficiency, especially for biomedical purposes.
We chose to investigate major structural features present in
majority of premiRNAs. First, we examined the effect of loop
size, since all premiRNAs possess a loop that requires cleavage
by Dicer. Our results indicate that a bigger loop size induces
faster dicing and more efficient silencing. The loop-size variants
displayed a highly linear correlation between dicing rate and silencing
PNAS | Published online November 13, 2017 | E10355
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efficiency, implying that dicing is a rate-limiting step that determines silencing outcome. Second, we modulated the stem
structure by introducing one or multiple mismatches on the
passenger strand. Most cellular miRNAs contain mismatches in
the central region as well as in the seed and/or 3′-mid regions
of the stem (37). In our measurement, all stem variants showed
the similar dicing kinetics, consistent with the previous report
(20), but showed significantly reduced silencing efficiency.
RNA composition can influence Dicer-mediated cleavage and
corresponding silencing efficiency (42), and thermal stability
of the stem may contribute to Dicer cleavage (43). Nevertheless, the mismatches we generated on the stem of dsRNA did
not alter the cleavage preference by Dicer, suggesting that
dicing is not a rate-determining step for silencing efficiency for
the stem variants.
Previous studies on mismatches between a guide strand and
target mRNA demonstrated that the complementarity of the
seed region is critical for target search and that mismatches in
the center inhibit the target cleavage (44–46). However, the
impact of mismatches between guide and passenger strand on
the RNAi pathway has not been carefully examined. Therefore,
our study is significant in unveiling the functional role of miRNA
structure. Based on our results, we postulate that the mismatched stem structure interferes with the process in which
Dicer hands over the cleaved RNA product to Ago. This may be
explained by the structure of human Ago2, which organizes
E10356 | www.pnas.org/cgi/doi/10.1073/pnas.1710298114

dsRNA into an A-form helix by extensive interactions with the
RNA backbone (47, 48). Such structural constraints embedded in
Ago2 are well suited for accommodating a dsRNA in A-form
helical shape. Therefore, dsRNA with mismatches that distort
and disrupt the A-form helical structure will not fit into the RNAbinding pocket of Ago2. Such steric hindrance may contribute to
inefficient silencing. Based on our results shown in Fig. 5, such an
effect may not be distinguished when siRNA (Dicer product)
engages with Ago, since this loading process appears to be inefficient in general. In contrast, Dicer may hand over the cleaved
product to Ago for the iRNA without mismatches proficiently but
may do so less proficiently for the substrates with mismatches.
Our finding that the stem mismatches diminish the efficiency of
gene silencing (Fig. 4 D–F) is not fully consistent with previous
reports which showed that central mismatches promote Ago
loading and that seed or 3′-mid mismatches facilitate unwinding
(34, 35). Our result showing higher RNAi efficiency for the Dicer
product with a single 3′ seed mismatch than for the Dicer product
with no mismatch agrees with the previous studies. However,
these results cannot be compared directly because of differences
in the RNA constructs used in this study and the previous studies,
which have not extended their findings on dicing and unwinding to
mRNA silencing in cells.
In addition to loop size and stem mismatches, we investigated
the effect of DNA substitution at the 3′ overhang. The DNA substitution of a 3′ overhang is expected to protect the 3′ end structure
from processive 3′-exonuclease in serum, which can lead to more
efficient RNAi (49). In addition to DNA substitution of a 3′
overhang, various chemical modifications at the 3′ end of RNA
have been developed to protect against exonuclease digest and
thereby improve RNAi efficiency (50). In our measurement, DNA
substitution increased the RNAi efficiency for Dicer product, which
agrees with the protective role of the DNA overhang, but decreased
the efficiency for Dicer substrate (Fig. 3 and Fig. S6). This difference may be explained by the following. Dicer product is loaded
onto Ago, which binds DNA and RNA overhang indiscriminately
(51). In contrast, Dicer substrate requires loading onto Dicer, which
displays lower affinity toward the DNA overhang (20). Therefore,
despite the protective cap provided by the DNA overhang, it is
favorable only in the case of Dicer product. This suggests that the
chemical modifications to protect the 3′overhang may not necessarily guarantee a higher efficiency of RNA silencing.
We summarize how the dsRNA structures such as loop size,
stem mismatches, and 3′ overhang affect RNAi efficiency in Fig.
7. Dicer substrates (Top, blue stripe) containing no stem mismatches show more potent gene-silencing efficiency than Dicer
product (Bottom, orange stripe) in general, which is consistent with
the previous report (52). However, this trend does not hold when
the stem mismatches or DNA overhang are incorporated. The stem
mismatches strongly inhibit the RNAi efficiency of Dicer substrate,
and the DNA substitution of the 3′ overhang in the Dicer product
showed substantially enhanced RNAi efficiency compared with the
one in the Dicer substrate. This information provides a guideline for
designing a synthetic dsRNA for efficient gene silencing. Taken
together, our study defines the role of two primary structural
components of premiRNA—the loop and the stem. While loop size
correlates well with both dicing and silencing, stem mismatch
greatly interferes with silencing efficiency without compromising the
dicing rate. Furthermore, this striking finding implies that the majority of cellular miRNAs, which harbor extensive stem structures,
are likely built for less-than-optimal silencing efficiency. Our results
also suggest that disease-linked mutations that occur in miRNA
coding genes may act by altering miRNA’s stem structure, thereby
modulating the gene-silencing efficiency.
Methods
Preparation of iRNA and smFISH Probes. All the iRNAs were chemically synthesized and purified using RNase-free HPLC by Integrated DNA Technologies,
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and all of the smFISH probes were designed and synthesized with 5′ amine
modification by LGC Biosearch Technologies. The sequences of iRNAs and
smFISH probes are described in Tables S1–S3. We labeled 0.5–2 nmol of the
smFISH probes or iRNA with fluorophores by incubating them with 0.2 or
0.1 mg of Cy3 or Cy5 (GE Healthcare) in 50 μL of 100 mM NaHCO3 buffer,
pH 8.5, overnight and removed the excess dye by two rounds of ethanol precipitation. For ethanol precipitation, we mixed the labeling mixture with
2.5 volumes of ice-cold 100% ethanol and 1/10 volume of 5 M NaCl, incubated
them at −20 °C for 30 min, and then centrifuged them down at the maximum
speed (>14,000 × g) for 30 min. The precipitated pellets were recovered by
removing the supernatant and were rinsed using ice-cold 70% ethanol. After
ethanol precipitation, the pellets of iRNAs or smFISH probes were dried in the
air at room temperature and were dissolved in T50 buffer [10 mM Tris (pH 7.5)
and 50 mM NaCl]. The single-stranded iRNAs were annealed to generate duplex
or stem–loop–structured iRNAs in T50 buffer by heating them at 90 °C for
2–5 min and cooling them slowly to room temperature for duplex structures
or quickly on ice for stem–loop structures.
Cell Culture and Transfection. Human HeLa cells were cultured at 37 °C in
(DMEM; Thermo Fisher) supplemented with 10% FBS (Corning Cellgro), 1%
penicillin-streptomycin 100× (Corning Cellgro), 2 mM L-glutamate (Thermo
Fisher), and 1 mM sodium pyruvate (Thermo Fisher). Human A549 cells were
cultured at 37 °C in RPMI medium 1640 (Thermo Fisher) supplemented with
10% FBS (Corning Cellgro) and 1% penicillin-streptomycin 100×. The cells were
plated on two-well culture chambers (Lab-Tek) 1 d before transfection of iRNA
that induces gene silencing for the smFISH experiment. Synthetic iRNAs (3 or
30 nM) were transfected in cells using RNAiMax reagent (Invitrogen).
The use of mammalian cells was approved by Johns Hopkins Homewood
Institutional Review Board.
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Quantification of RNA Uptake by RNA Extraction from Cell Lysate. To quantify
RNA uptake by transfection, we seeded HeLa cells in a 60-mm culture dish and
transfected them with 3 nM of Cy3-labeled iRNA for 4 h using RNAiMax
reagent. We rinsed out the Cy3-labeled iRNAs that had not been taken up.
Then we extracted total RNAs from cells using the mirVana miRNA Isolation
Kit (Thermo Fisher Scientific) and performed a denaturing PAGE at 200 V for
35–40 min. We imaged the gel and measured Cy3 intensity to quantify RNA
uptake using Amersham Imager 600 (GE Healthcare).
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Sample Preparation for smFISH. We fixed cells using 4% paraformaldehyde for
10 min at room temperature and permeabilized them using either 70%
ethanol for 1 h or 0.5% Triton-X for 10 min. We incubated the permeabilized
cells with the mixture of hybridization buffer [10 (wt/vol) % dextran sulfate,
10% formamide and 2× SSC] and the FISH probe set at a final concentration
of 2.5 nM overnight. The hybridized cells were incubated twice in wash
buffer (10% formamide and 2× SSC) for 30 min at 37 °C and were stored in
PBS for imaging. The cells were stained with 5 μg/mL of DAPI for 10 min at
room temperature before imaging.
Fluorescence Imaging of smFISH and Immunostaining and Single mRNA Counting
Using FISH-QUANT. We used a Zeiss ApoTome microscope and a Nikon Ni-E
microscope for smFISH imaging and a Zeiss LSM 600 confocal microscope for
immunofluorescence imaging. To obtain the 3D image of entire cells, we
performed multiple z-stack images at a 300-nm or 500-nm resolution. We
counted the number of single mRNAs per cell using FISH-QUANT software (53).
The boundary of nucleus was defined based on the DAPI staining.
Data Analysis of mRNA Histogram. We fit the mRNA population by multiple
Gaussian peaks. First, we assigned the unsilenced peak (gray curve in Figs. 3D,
4D, and 5B) using the same mean value and peak width from the cytoplasmic mRNA population of cells that were not treated with any iRNAs.
Second, we provided the subfitting for silenced peaks (orange curves in Figs.
3D, 4D, and 5B). This shows that silencing is not homogeneous, i.e., there are
populations of efficiently silenced (left orange peaks in Figs. 3D, 4D, and 5B),
poorly silenced (middle orange peaks in Figs. 3D, 4D, and 5B), and yet-to-besilenced (gray peaks in Figs. 3D, 4D, and 5B) cells. We calculated the peak
shift by averaging the peak shifts from the unsilenced peak for every silenced population, and peak size from the sum of the silenced population
divided by the total population.
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