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Stem–loop RNA labeling can affect nuclear and cytoplasmic
mRNA processing

STEPHANIE HEINRICH, CORINNE L. SIDLER, CLAUS M. AZZALIN, and KARSTEN WEIS
Institute of Biochemistry, ETH Zurich, 8093 Zurich, Switzerland

ABSTRACT

The binding of sequence-specific RNA-interacting proteins, such as the bacteriophage MS2 or PP7 coat proteins, to their
corresponding target sequences has been extremely useful and widely used to visualize single mRNAs in vivo. However,
introduction of MS2 stem–loops into yeast mRNAs has recently been shown to lead to the accumulation of RNA fragments,
suggesting that the loops impair mRNA decay. This result was questioned, because fragment occurrence was mainly assessed
using ensemble methods, and their cellular localization and its implications had not been addressed on a single transcript
level. Here, we demonstrate that the introduction of either MS2 stem–loops (MS2SL) or PP7 stem–loops (PP7SL) can affect the
processing and subcellular localization of mRNA. We use single-molecule fluorescence in situ hybridization (smFISH) to
determine the localization of three independent mRNAs tagged with the stem–loop labeling systems in glucose-rich and
glucose starvation conditions. Transcripts containing MS2SL or PP7SL display aberrant localization in both the nucleus and the
cytoplasm. These defects are most prominent in glucose starvation conditions, with nuclear mRNA processing being altered
and stem–loop fragments abnormally enriching in processing bodies (PBs). The mislocalization of SL-containing RNAs is
independent of the presence of the MS2 or PP7 coat protein (MCP or PCP).

Keywords: PP7–PCP system; MS2–MCP system; single-molecule fluorescence in situ hybridization; mRNA processing; P bodies;
mRNA decay

INTRODUCTION

The introduction of stem–loop labeling systems has provided
a very powerful tool to study transcript localization and pro-
cessing at the single RNA level in single cells (Bertrand et al.
1998; Beach et al. 1999; Brodsky and Silver 2000; Takizawa
and Vale 2000; Gu et al. 2004; Teixeira et al. 2005; Andoh
et al. 2006; Haim et al. 2007; Kilchert and Spang 2011;
Larson et al. 2011; Hocine et al. 2013; Zid and O’Shea
2014; Smith et al. 2015). Recently, publications from the
Parker and Gerst laboratories raised important points about
the degradability of mRNAs labeled with MS2 stem–loops at
their 3′ end, showing the occurrence of stable 3′-end frag-
ments in yeast with various methods such as Northern blot-
ting, qPCR, and RNA sequencing of mRNA pulldowns
(RaPID) (Garcia and Parker 2015, 2016; Haimovich et al.
2016). Because the authors came to different conclusions
about the extent to which this affects the interpretation of
previously published results, various important control ex-
periments were suggested to determine the extent and the ef-
fects of potential 3′-end fragment formation. One suggested
control is smFISH, which reveals cellular mRNA localization,

and more specifically allows a comparison between different
regions within an mRNA, for example, between transcript-
specific and stem–loop-specific sequences.
Here, we use this method to investigate the effects on cel-

lular localization and 3′-end fragment formation of three dif-
ferent mRNAs that are tagged with either MS2 or PP7 stem–

loops. We provide several lines of evidence that the inser-
tion of either MS2 or PP7 sites into different mRNAs affect
their nuclear and/or cytoplasmic processing. First, using
smFISH we find that in glucose-depleted conditions un-
tagged mRNAs are distributed throughout the cell, whereas
24xMS2SL- or 24xPP7SL-tagged mRNAs accumulate in larg-
er foci that often colocalize with the P-Body marker Dcp2.
Within these foci, SL-specific smFISH probes suggest a spe-
cific enrichment of 3′-end SL-containing fragments over
the body of the mRNAs. Second, in glucose-rich conditions,
only minor differences in cytoplasmic RNA localization be-
tween tagged and untagged transcripts can be observed by
smFISH. Third, the presence of SLs can also affect nuclear
mRNA processing and specific mRNAs displayed an
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enrichment in nuclear foci presumably at their site of tran-
scription. Overall, these observations argue that SL-marked
transcripts can be affected in their cellular processing and lo-
calization, which needs to be considered when using SL
aptamers for visualizing the localization of RNA.

RESULTS

PGK1 mRNA tagging with MS2 stem–loops alters
cellular localization in glucose starvation

Various reporter mRNAs were previously used to study tran-
script localization in single cells, including the abundant
PGK1 mRNA (coding for the essential 3-phosphoglycerate
kinase; with an estimated 200 transcripts per cell) (Brodsky
and Silver 2000; Teixeira et al. 2005; Siwiak and Zielenkiewicz
2010). Stem–loop-labeled PGK1 mRNA has been reported
to enrich in cytoplasmic granules called processing bodies
(PBs) in glucose-starvation conditions (Brengues et al. 2005;
Teixeira et al. 2005; Simpson et al. 2014). However, MS2
stem–loop-labeled PGK1mRNAwas recently shown to accu-
mulate 3′-end fragments containing the stem–loops (Garcia
and Parker 2015, 2016). We therefore wanted to investigate
full-length mRNA localization and 3′-end fragment forma-
tion on a single transcript level using smFISH (Fig. 1A).
For this, PGK1 was labeled at its endogenous locus with
24xMS2SL integrated after the PGK1 stop codon in strains
expressing the PB marker Dcp2 tagged with GFP (for a com-
plete strain list, see Supplemental Table S1). To induce PB
formation, cells were shifted to culturing media containing
no glucose for 30 min, andmRNA localization was compared
to glucose-rich culturing conditions.
For smFISH we used probes that bind to the gene-specific

moiety of the PGK1 transcript or probes that exclusively bind
the MS2SL. In glucose-rich conditions, cells expressing
PGK1-24xMS2SL accumulate small Dcp2-GFP foci that
colocalize with mRNA (Fig. 1B, white boxes). This is in con-
trast to wild-type cells, which have a homogenous cellular
Dcp2-GFP signal. This suggests that the presence of MS2
stem–loops affects Dcp2 localization, potentially because de-
cay of the abundant PGK1 transcript is reduced. However, the
defects are rather mild and would easily remain unnoticed,
particularly when only the tagged transcript is analyzed, with-
out comparing it to the untagged endogenous control.
When cells are shifted into media without glucose, the dif-

ference in cellular localization between untagged and tagged
PGK1 transcripts becomes more apparent. Untagged PGK1
mRNAs remain dispersed in the cytoplasm, with only 7% of
Dcp2-GFP PBs colocalizing with PGK1 mRNAs. However,
when PGK1 mRNAs are tagged with 24xMS2SL, large cyto-
plasmic foci form that show increased colocalization with
PBs (Fig. 1B, quantification in Fig. 1C). Interestingly, using
gene-specific probes, ∼30% of PBs colocalize with PGK1-
24xMS2SLmRNAs. In contrast, wedetect almost 100%coloc-
alization of PBs with PGK1-24xMS2SLmRNA using MS2SL-

specific probes, suggesting that themajority of the SL-marked
transcripts we observe in PBs are 3′-end fragments.
We then examined if the presence of the MS2 coat protein

changes 3′-end fragment formation. The Parker group recent-
ly showed that 3′-end fragments are detected only when the
coat protein is present in cells (Garcia and Parker 2015,
2016), while Haimovich et al. (2016) report 3′-end fragment
occurrence even without coat protein expression in strains
with stem–loop-labeled mRNAs. To test the effect of MCP
on3′-end fragment formation,weadditionally expressedplas-
mid-encoded MCP in PGK1-24xMS2SL strains. (Fig. 1B,C).
We could not observe any qualitative change in mRNA local-
ization and 3′-end fragment occurrence upon MCP expres-
sion, suggesting that SL enrichment occurs independently of
the presence of the coat protein. However, based on our
smFISH data, we cannot exclude that there are quantitative
differences in the abundance or type of 3′-end fragments.
In addition to cytoplasmic processing defects, which lead to

aberrant mRNA localization, we also observe changes in nu-
clear mRNA processing when transcripts were marked with
MS2SL. We observe strong mRNA enrichment at a single
spot in the nucleus, as judged by the overlapping DAPI signal
(Fig. 1B [arrows]; Supplemental Fig. 1A, quantification in
Fig. 1D). Addition of MS2SL has a dual effect on PGK1 tran-
scripts: It increases both the total number of mRNA foci-pos-
itive nuclei as well as the number of mRNAs per focus. For
example, in glucose starvation conditions, 45% of cells ex-
pressing untagged PGK1 mRNA show an mRNA spot in the
nucleus. In contrast, >85% (PGK1-specific probe) or 60%
(MS2SL-specific probe) of cells expressing MS2SL-marked
PGK1 mRNAs have mRNA foci-positive nuclei (Fig. 1D). In
addition, quantification ofmaximumbrightness at this nucle-
ar focus reveals that the focus for untagged PGK1 displays an
up to six times higher signal compared to a single transcript.
However, for PGK1-24xMS2SL the signal can be up to 15
times brighter than an individual mRNA (Supplemental
Fig. S1C).
Such nuclear foci have been observed before (Abruzzi et al.

2006) and presumably mark the site of transcription indicat-
ing altered transcript processing of 24xMS2SL-containing
mRNAs in the nucleus.
We conclude that addition of 24xMS2SL to the PGK1

mRNA can affect its cellular localization and processing
both in the nucleus and cytoplasm, albeit to different extents
in different culturing conditions.

smFISH reveals nuclear and cytoplasmic mRNA
processing defects for the PP7–PCP system

Next, we analyzed whether the PP7–PCP system, which is
orthologous to MS2–MCP (Larson et al. 2011; Hocine et al.
2013; Urbanek et al. 2014), also results in cellular mRNA pro-
cessing defects by performing smFISH experiments with
PGK1-24xPP7SL.As observed for theMS2SLs also PP7SLs in-
duce the formation of nuclear foci (Fig. 2A,C). Themaximum
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FIGURE 1. (A) Schematic representation of single-molecule fluorescence in situ hybridization (smFISH) to visualize mRNAs. To probe for the body of
the mRNA, 48 sequence-specific fluorescently labeled DNA oligos (red) were used, which bind along the length of the transcript. Similarly, to probe for
the repetitive stem–loop sequences, five sequence-specific fluorescently labeled DNA oligos were used (see Supplemental Table S3 for sequences). (B)
Labeling of PGK1 mRNA at the 3′ end with 24xMS2SL (Addgene plasmid 45162) alters its cellular localization, with 3′-end fragments of MS2SL en-
riching in PBs. Strains expressing DCP2-GFP and either PGK1 or PGK1-24xMS2SL were grown at 25°C to OD600 0.6–0.8 in synthetic complete media
containing 2% glucose, then shifted to synthetic complete media without glucose for 30 min, and fixed for 15 min with 4% paraformaldehyde. Samples
were processed for single-molecule fluorescence in situ hybridization (smFISH) as described in Heinrich et al. (2013), with the exception of sphero-
plasting yeast cells for 20 min using 1% 20T zymolyase. Mixtures of DNA probes coupled to CAL Fluor Red 590 (Stellaris Biosearch Technologies,
synthesized by BioCat) were used for smFISH, targeting either the PGK1 (i) or MS2SL (ii) moieties. Microscopy was performed using an inverted
epi-fluoresence microscope (Nikon Ti) equipped with a Spectra X LED light source and a Hamamatsu Flash 4.0 sCMOS camera using a 100×
Plan-Apo objective NA 1.4 and NIS Elements software. Images were processed using FIJI software. Depicted is a maximum projection of the central
10 planes of a 3D image. For images depicting glucose-rich conditions, white boxes mark an exemplary image region where the green channel (Dcp2-
GFP) is differentially scaled to enhance signal intensity. White arrows show example cells with large mRNA foci colocalizing with the nucleus. Scale bar,
5 µm. (C) Quantification of colocalization of PBs with mRNA in glucose starvation conditions shown in Figure 1B. Percentage depicts number of PBs
colocalizing with mRNAs compared to total number of PBs. n = 3 biological replicates with each >800 counted PBs; bars depict SD. Quantification of
colocalization was performed on all planes of a 3D stack image using the Colocalization Threshold tool in Fiji. (D) Quantification of colocalization of
nuclear DNAwith mRNA foci in glucose-rich and glucose starvation conditions shown in Figure 1B. Percentage depicts nuclear DNA (judged by DAPI
signal) colocalizing with mRNAs compared to total number of nuclear DNA. n = 3 biological replicates with each >300 counted nuclei; bars depict SD.
Quantification of colocalization was performed on all planes of a 3D stack image using the Colocalization Threshold tool in Fiji.
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brightness values for PGK1-24xPP7SL
are comparable to the values measured
for PGK1-24xMS2SL. The PP7SL nuclear
foci are up to 15 times brighter than an in-
dividual mRNA, whereas the focus for
untagged PGK1 displays an only up to
six times higher signal compared to a sin-
gle transcript (Supplemental Fig. S2A).
Interestingly, PP7SL and MS2SL show
differences in nuclear stem–loop process-
ing. Nuclear enrichment for PP7SL-
labeled transcripts can be seen predomi-
nantly with the 5′ probes but much less
with the PP7SL-specific probes (<20%
foci-positive nuclei) (Fig. 2C). In con-
trast, we can detect 60%–70% MS2SL
foci-positive nuclei with MS2SL-specific
probes (Fig. 1D), suggesting different nu-
clear processing effects of the two SL
systems.

In the cytoplasm, almost all PBs colo-
calize with PGK1-24xPP7SL mRNA foci
detected by PP7SL-specific probes in glu-
cose starvation conditions, phenocopying
the effect seen for PGK1-24xMS2SL (Fig.
2A,B). Interestingly, while a substantial
amount of single PGK1-24xMS2SL
mRNAs can still be detected with both
PGK1- and MS2SL-probes outside of
PBs (Fig. 1B, –glucose panel) very few cy-
toplasmic PGK1-24xPP7SL mRNAs can
be found outside PBs in glucose starva-
tion conditions with either the PGK1-
or the PP7SL probes (Fig. 2A, –glucose
panel, and Supplemental Fig. S2A). This
further suggests that MS2SL and PP7SL,
despite causing overall very similar
cellular processing phenotypes, are not
completely interchangeable. This is also
supported by Northern blot experiments
performedon cells expressingPGK1 tran-
scripts that contain either PP7SLs or
MS2SLs. Multiple-length 3′-end mRNA
fragments are detected for both types of
transcripts when probed with SL-specific
oligos (Fig. 2D,E), while 5′-end mRNA
fragments are hardly present (Supple-
mental Fig. S2B,C). In agreement with
Garcia and Parker (2015, 2016) there is
an increase in fragment occurrence for
MS2SL when the MS2 coat protein is
coexpressed (Fig. 2E). However, mRNA
fragmentation of PP7SL-containing tran-
scripts is independent of the presence or
absence of the PP7 coat protein and is

B

0

50

100

PP7CP– + – +–

PGK1 probe PP7SL probe

PGK1 PGK1-24xPP7SL

%
 c

o-
lo

ca
liz

at
io

n
of

 P
B

s 
w

ith
 m

R
N

A

PB colocalization C

0

50

100

Glucose––

PGK1 probe PP7SL probe

PGK1 PGK1-24xPP7SL

%
 c

o-
lo

ca
liz

at
io

n
of

 n
uc

le
us

 w
ith

 m
R

N
A

nuclear colocalization

+ –+ + –+ –+
PP7CP+–– –– + –– ++

PGK1-24xPP7SL
w

ith
ou

t P
P

7C
P

w
ith

 P
P

7C
P

A

i

i

ii

ii

RNA Dcp2-GFP merge w/ DAPI

– glucose

RNA Dcp2-GFP merge w/ DAPI

+ glucose

PGK1-24xMS2SL

+ – + –
+ +–– CP

Glucose

MS2
stem
loops

full length

fragments

18S

E

2

0.5

1

2

3

kb

D
PGK1-24xPP7SL

+ – + –
+ +––

18S

PP7
stem
loops

CP
Glucose
full length

fragments

2

0.5

1

2

3
kb

FIGURE 2. (A) Tagging of PGK1 mRNA at 3′ end with 24xPP7SL alters its cellular localization
and causes 3′-end fragments of PP7SL to enrich in PBs. smFISH, imaging and image processing
was performed as in Figure 1B using strains expressing DCP2-GFP and either PGK1 or PGK1-
24xPP7SL. Fluorescent DNA probes target either the PGK1 (i) or PP7SL (ii) moieties
(Supplemental Table S3). White arrows show example cells with large mRNA foci colocalizing
with the nucleus. Scale bar, 5 µm. (B) Quantification of colocalization of PBs with mRNA in glu-
cose starvation conditions shown in Figure 2A. Percentage depicts number of PBs colocalizing
with mRNAs compared to total number of PBs. n = 3 biological replicates with each >800 count-
ed PBs; bars depict SD. Quantification of colocalization was performed on all planes of a 3D stack
image using the Colocalization Threshold tool in Fiji. (C) Quantification of colocalization of nu-
clear DNA with mRNA foci in glucose-rich and glucose starvation conditions shown in Figure
2A. Percentage depicts nuclear DNA (judged by DAPI signal) colocalizing with mRNAs com-
pared to total number of nuclear DNA. n = 3 biological replicates with each >300 counted nuclei;
bars depict SD. Quantification of colocalization was performed on all planes of a 3D stack image
using the Colocalization Threshold tool in Fiji. (D,E) Presence of stem–loops causes transcript
fragmentation. Cells expressing DCP2-GFP and either PGK1-24xPP7SL or PGK1-24xMS2SL to-
gether with or without their respective coat proteins were grown at 25°C to OD600 0.6 to 0.8 in
synthetic complete media containing 2% glucose, then shifted to synthetic complete media with
or without glucose for 30 min and harvested for total RNA extraction using hot phenol. Ten mi-
crograms of total RNA was separated on a 0.7% formaldehyde agarose gel and transferred to a
nylon N+ membrane as described in Farnung et al. (2012). The stem–loops and the 18S RNA
are visualized with radioactively end-labeled, sequence-specific oligos (see Supplemental Table
S4 for sequences).
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strongly increased in glucose starvation conditions (for an
overview of the results, see Table 1).

Similar to PGK1, tagging FBA1 and GFA1 mRNA with
PP7SL alters their cellular processing

So far, our results demonstrate that both MS2SL and PP7SL
systems can alter cellular processing of the mRNA encoding
Pgk1. To test whether SL labeling affects other messages as
well, we next tagged mRNAs of the essential genes FBA1
(coding for fructose 1,6-bisphosphate aldolase) and GFA1
(coding for glutamine-fructose-6-phosphate amidotransfer-
ase) with 24xPP7SL. FBA1 is among the most abundant
mRNAs (on average 80–400 transcripts per cell), whereas
GFA1 is moderately expressed (on average 4–14 transcripts
per cell) (Molina-Navarro et al. 2008; Siwiak and Zielenkie-
wicz 2010; Smith et al. 2015).

We first visualized endogenous untagged mRNAs and
their localization to PBs in strains expressing Dcp2-GFP
using smFISH with gene-specific probes (Fig. 3A,B;
Supplemental Fig. 3A,B, and quantification in Fig. 3C).
Similar to PGK1 mRNAs, both FBA1 and GFA1 mRNAs
are not enriched in PBs in glucose-starved cells, suggesting
that these mRNAs are not stored in PBs, and that mRNA
storage in PBs is not a general feature of mRNA processing
during glucose starvation.

We then investigated the effect of 24xPP7SL on the cellular
localization of FBA1 and GFA1 mRNAs. Again, we used
probes that either bind to the gene-specific moiety of the
FBA1 or GFA1 transcripts or PP7SL-specific probes.
Similar to SL-labeled PGK1 mRNAs, the majority of SL-la-
beled FBA1 or GFA1 mRNAs do not enrich in PBs when
we probe for the gene-specific mRNA moiety (mRNA-posi-
tive PBs <20% for both SL-tagged mRNAs; Fig. 3A,B, and
quantification in Fig. 3C). In contrast, we observe a strong in-
crease in PB colocalization with mRNAs using the PP7SL-
specific probe (∼90% for FBA1-24xPP7SL and ∼50%–60%
for GFA1-24xPP7SL). Again this suggests that the majority
of PB-localized mRNAs contain only 3′-end SL fragments,
consistent with a PP7SL-dependent impairment of cytoplas-
mic mRNA decay.
In addition, FBA1 transcripts tagged with PP7SL also dis-

play nuclear processing defects, as we observe accumulation
of mRNA signal in a single nuclear focus when we probe
with the FBA1-specific probe (Fig. 3A [arrows], quantifica-
tion in Fig. 3E). Unlike the SL-tagged PGK1 transcripts, nu-
clear FBA1-24xPP7SL mRNA foci are observed in both
glucose-rich and glucose-starved conditions, with 50% of
SL-expressing cells having mRNA foci-positive nuclei, com-
pared to 15% (+glucose) or 30% (−glucose) of cells express-
ing untagged FBA1 (Fig. 3E). Quantification of maximum
brightness revealed that, similar to the nuclear PGK1 focus,

TABLE 1. Overview of smFISH results

Gene Modification Glucose 
PB co-localization  Nuclear focus Northern blotting 

Body of 
mRNA 

SL Body of 
mRNA 

SL 5’ end 
fragments 

3’ end 
fragments 

PGK1 

no tag 
+   –    
– –  +   

PP7SL 
– CP 

+   ++ – � � 
– + +++ +++ – � ��� 

+ CP 
+   ++ – � � 
– + +++ +++ – � ��� 

MS2SL 
– CP 

+   + + � � 
– – +++ +++ ++ � � 

+ CP 
+   + + � ��� 
– – +++ +++ ++ � ��� 

FBA1 

no tag 
+   –  n.d. n.d. 
– –  +  n.d. n.d. 

PP7SL 
– CP 

+   ++ – n.d. n.d. 
– – +++ ++ – n.d. n.d. 

+ CP 
+   ++ – n.d. n.d. 
– – +++ ++ – n.d. n.d. 

GFA1 

no tag 
+   + *  n.d. n.d. 
– –  – *  n.d. n.d. 

PP7SL 
– CP 

+   ++ * –* n.d. n.d. 
– – ++ – * –* n.d. n.d. 

+ CP 
+   + * –* n.d. n.d. 
– – ++ – * –* n.d. n.d. 

 
 

∗No enrichment, but≥ single transcript.
(n.d.) Not determined.
(–) <20%; (+) 20%–45%; (++) 45%–70%; (+++) >70%.
(7) No detectable fragmentation; (O) weak fragmentation; (OOO) strong fragmentation.
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the number ofmRNA foci-positive nuclei
increases in the presence of PP7SLs, and
at the same time more mRNAs per focus
can be detected. The signal of a single nu-
clear mRNA focus can be up to 12 times
brighter compared to the signal of an in-
dividual mRNA when PP7SL sites are
added to the FBA1 gene. In contrast, the
nuclear focus of untagged FBA1 displays
only an up to five times higher signal
compared to a single transcript
(Supplemental Fig. S3C).

For the low abundance GFA1 tran-
script, we could not detect any nuclear
foci that were brighter than individual
transcripts with and without stem–loop
sequences. We also did not observe any
differences in the total number of
mRNA-positive nuclei comparing differ-
ent GFA1 constructs exposed to the same
culture condition (Fig. 3F). Whether this
is a reflection of the low transcription fre-
quency of GFA1 or whether this suggests
that different mRNAs have different tol-
erance to stem–loops for their nuclear
processing is unclear.

Conclusions

Our results demonstrate that mRNA la-
beling with bacteriophage stem–loops
can affect mRNA processing in the nucle-
us and the cytoplasm. We tested localiza-
tion properties of three SL-labeled
mRNAs, and all three display similar ab-
errant enrichment in P-bodies suggesting
that MS2 and PP7 stem–loop labeling
in general affects the degradation of
mRNAs (Table 1). In addition, two out
of three SL-labeled mRNAs display in-
creased focus formation in the nucleus,
pointing toward nuclear processing de-
fects for at least a subset of mRNAs.
This needs to be considered when RNA
localization is examined using this ap-
proach. However, we cannot exclude
that for some mRNAs the stem–loop-la-
beling system does not affect transcript
processing, and furthermore, we show
that the effects vary between different
growth conditions. It should also be not-
ed that we focused here on experiments
in budding yeast and that other organ-
isms might process these stem–loops
differently.
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FIGURE 3. (A) Tagging of FBA1 mRNA at 3′ end with 24xPP7SL alters its cellular localization,
with 3′-end fragments of PP7SL enriching in PBs. smFISH, imaging, and image processing is per-
formed as in Figure 1B using strains expressing DCP2-GFP and either FBA1 or FBA1-24xPP7SL.
Fluorescent DNA probes target either the FBA1 (i) or PP7SL (ii) moieties (Supplemental Table
S3). White arrows show example cells with large mRNA foci colocalizing with the nucleus.
Scale bar, 5 µm. (B) Tagging of GFA1mRNA at its 3′ end with 24xPP7SL alters its cellular local-
ization, with 3′-end fragments of PP7SL enriching in PBs. smFISH, imaging, and image process-
ing is performed as in Figure 1B using strains expressing DCP2-GFP and either GFA1 or GFA1-
24xPP7SL. Fluorescent DNA probes target either the GFA1 (i) or PP7SL (ii) moieties
(Supplemental Table S3). White arrows show example cells with large mRNA foci colocalizing
with the nucleus. Scale bar, 5 µm. (C,D) Quantification of colocalization of PBs with mRNA
in glucose starvation conditions shown in Figure 3A,B, respectively. Percentage depicts number
of PBs colocalizing with mRNAs compared to total number of PBs. n = 3 biological replicates
with each >800 counted PBs; bars depict SD. Quantification of colocalization is performed on
all planes of a 3D stack image using the Colocalization Threshold tool in Fiji. (E,F)
Quantification of colocalization of nuclear DNA with mRNA foci in glucose-rich and glucose
starvation conditions shown in Figure 3A,B, respectively. Percentage depicts nuclear DNA
(judged by DAPI signal) colocalizing with mRNAs compared to total number of nuclear DNA.
n = 3 biological replicates with each >300 counted nuclei; bars depict SD. Quantification of colo-
calization is performed on all planes of a 3D stack image using the Colocalization Threshold tool
in Fiji. Note that since GFA1 is a low abundant mRNA, we hardly observe any nuclear signal that
was brighter than the signal of an individual transcript. We therefore adjusted our quantification
to a lower threshold compared to our PGK1 or FBA1 nuclear foci analysis to account for all
mRNA/DAPI colocalization events.
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Haimovich et al. (2016) have argued that previous studies
using the MS2–MCP system did not observe an accumula-
tion of 3′-end fragments. Some of these experiments were
performed in glucose-rich conditions (Andoh et al. 2006;
Kilchert and Spang 2011), where we only observe mild lo-
calization defects as well (Fig. 1B; Supplemental Fig. S2A,
B). In addition, previous reports often did not include com-
parisons between the tagged mRNA and its untagged wild-
type version, which makes it difficult to draw conclusions
from the localization results of the tagged mRNA only
(Hocine et al. 2013; Kraut-Cohen et al. 2013; Haimovich
et al. 2016).

Potential solutions to reduce 3′-end fragment accumula-
tion include the reduction of the number of stem–loops
used for transcript labeling. However, if the number of SLs
is reduced below a critical threshold this will prevent live
cell imaging experiments, which rely on a good signal-to-
noise ratio of labeled mRNA over cellular background. The
use of alternative labeling strategies could also reduce or abol-
ish 3′-end fragment formation. Garcia and Parker (2015)
suggested that the U1A stem–loop labeling system could be
such an alternative, as they show that cells expressing PGK1
tagged with 16xU1A stem–loops are devoid of 3′-end frag-
ments in the presence of the U1A protein. However, it should
be noted that the PGK1 mRNA labeled with 16xU1A stem–

loops was previously reported to colocalize with PBs in
glucose-starvation conditions (Teixeira et al. 2005), whereas
in our hands the unlabeled PGK1 transcript is not enriched
in PBs.

In summary, smFISH is a powerful tool to map the cellu-
lar localization of individual mRNA regions, and we recom-
mend that any given mRNA-SL construct needs to be
carefully analyzed for the appearance of aberrant fragments
to avoid misinterpretation of mRNA localization data.
However, we also emphasize that, with the appropriate con-
trols, the stem–loop labeling system remains a powerful tool
to visualize the dynamics of important mRNA processing
steps such as nuclear export, translation, or RNA decay in
living cells.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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