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ABSTRACT

Most microRNAs (miRNAs) are expressed as a mix of length isoforms (referred to as isomiRs). IsomiR stoichiometry can
be differentially impacted upon cell stimulation, as recently evidenced by our group in the context of immune responses
induced by type-I interferon (IFN). Here, we revisit published RNA-seq data sets of human and mouse macrophages
stimulated with bacterial products at the isomiR level. We demonstrate that for several miRNAs, macrophage stimulation
induces changes in isomiR stoichiometry. Critically, we find that changes in miRNA expression can bemisinterpreted when
miRNAs are quantified by RT-qPCR, as primers directed against canonical miRNA sequences may not equally target the
different isomiRs that are regulated endogenously. Beyond the case of phagocyte stimulation, our analyses reinforce
the concept that analysis of miRNA expression at the isoform level should become standard practice.
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INTRODUCTION

There is increasing evidence that microRNA (miRNA)
length variants are differentially expressed between cell
types (Juzenas et al. 2017), cancer types (Telonis et al.
2017), and upon cell stimulation (as seen with stimuli such
as PMA [Muiwo et al. 2018] or type-I interferon [IFN] [Nejad
et al. 2018b]). Critically, such length variations from what
is considered to be the canonical length (as per its defini-
tion in miRbase [Kozomara and Griffiths-Jones 2014]) are
not restricted to poorly abundant isoforms. Rather, in select
cell types, these isomiRs can be the predominant miRNA
species such as that seen with the example of the 24–25
nt 3′-end variants of miR-222-3p (miR-222 hereafter) in hu-
man monocytes and neutrophils (Juzenas et al. 2017).
While little is known of the biological relevance of miRNA
length variations, previous reports suggest that 5′-end
isomiRs can have different mRNA targets (Tan et al.

2014), while 3′-end isomiRs may also have different cellular
functions, although sharing common mRNA targeting (Yu
et al. 2017). As such, we have recently demonstrated that
long and short miR-222 3′-end variants have a similar func-
tion on their targets (with direct miRNA binding sites for
miR-222), butmayexhibit differential functions throughdis-
tinct intracellular localization—e.g., nuclear versus cyto-
plasmic (Yu et al. 2017). In addition, our studies indicated
that longer miR-221/222 3′-end variants are preferentially
targeted for degradation by enzymes including 3′–5′ exo-
nuclease PNPT1 (Nejad et al. 2018b), suggesting a novel
role for 3′-end isoforms in the control of intracellular
miRNA concentration. An intriguing recent report also
demonstrated a role for 3′-base-pairing with miRNA-re-
sponse elements locatedwithin the protein coding regions
of target genes (Zhang et al. 2018). Although canonical
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(seed-based) targeting is the primary mechanism of target
recognition, a subset of genes may therefore be differen-
tially targeted by 3′-end variance.
We have recently reported a concerning bias of com-

mercial RT-qPCR-based quantification toward selected
miRNA 3′-end isomiRs, suggesting that assays targeted to
amplify the canonical miRBase version of a given miRNA
may favor amplification of a minor 3′-isomiR in the cell of
interest, depending upon primer design and the isomiR
expression profile (Nejad et al. 2018a,b). Using miR-222
as an example, we demonstrated that the stem–loop Taq-
man assay targeting the 21 nt variant of miR-222 failed to
detect a 70%decrease of thismiRNA in response to IFN (as
determined by isomiR-level RNA-seq), as it was the pre-
dominant 24–25 nt isoforms, and not the lowly abundant
shorter canonical forms, that were regulated in human fi-
broblasts (Nejad et al. 2018b). We made a similar observa-
tion for miR-221-3p and speculated that unintentional
isoform bias may be a common feature of the results ob-
tained with miRNA RT-qPCR approaches (see Fig. 1A for
a schematic representation of selective 3′-end amplifica-
tion by stem–loop and LNA-polyadenylation RT-qPCR ap-
proaches). This is of concern given the widespread use of
RT-qPCR approaches to detect changes in miRNA expres-
sion, which have supplanted older techniques such as
northern blot detection (which cannot distinguish 3′ and
5′ isoforms of the same length).
In the present work, we revisit two published small

RNA-seq data sets of human and mouse macrophages
infected with bacteria or treated with bacterial products,
looking at miRNA variations at the isoform level. We con-
firm that immune activation of such phagocytes has a
broad effect on the isoform stoichiometry of many
miRNA families, and illustrate how these effects can lead
to mis-interpretation of results that are reliant upon
RT-qPCR approaches.

RESULTS AND DISCUSSION

We recently reported that the stoichiometry of select
miRNA isoforms was significantly altered by type-I IFN
stimulation of human fibroblasts, with a specific focus on
miR-222 (Nejad et al. 2018b). Since type-I IFN can be pro-
duced by macrophages upon Toll-like receptor 4 (TLR4)
activation by the bacterial product lipopolysaccharide
(LPS), we re-analyzed a small RNA-seq data set of wild-
type (WT) andmiR-155-deficient mouse bone marrow-de-
rived dendritic cells (BMDCs) and macrophages (BMDMs)
stimulated overnight by LPS (Dueck et al. 2014). We were
prompted to carry out these analyses following the recent
report by Seeley et al. that miR-222 could be induced
by LPS in mouse macrophages, to result in transcriptional
silencing of a number of inflammatory genes in the con-
text of bacterial infections (Seeley et al. 2018). We specu-
lated that the observation of miR-222 induction made

B
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FIGURE 1. Bacterial-driven modulation of miR-222 isoforms in hu-
man and mouse macrophages. (A) Schematic representation of the
impact of 3′-end length variation on stem–loop RT-qPCR, LNA-poly-
adenylation RT-qPCR, and Agilent microarray detection of mature
miRNAs. In the case presented here, the assays are targeted to the
shortermiRNA isoform, as seenwithmiR-222-3p. This directly impacts
the binding of the reverse transcription stem–loop and efficiency of
cDNA synthesis. Similarly, microarray loop-probes will not bind as
well to longer isoforms. While it does not affect reverse transcription
based on polyadenylation, the isoform selectivity impacts binding of
the 3′-end of LNA reverse primer, hampering amplification.
(B) Detailed analysis of normalized counts (CPM) for the 3′-end iso-
forms of miR-222 in primary macrophages (BMDMs) and dendritic
cells (BMDCs) from wild-type (WT) and miR-155-deficient mice
(Dueck et al. 2014). Cells were treated overnight with 200 ng/mL lipo-
polysaccharide (LPS) or nontreated (NT). Data shown are from one bi-
ological sample for each condition. (C ) Detailed analysis of
normalized counts (CPM) for the 3′-end isoforms of miR-222 in human
monocyte-derived macrophages, infected for 24 h with Salmonella
Typhimurium (STM) at an MOI of 5:1, compared to NT cells at 24 h
(Pai et al. 2016). Data are averaged from six patients (mean± standard
error of the mean is shown). (D) CPM of the prevalent miR-222 3′-end
isoforms from NT and LPS-treated WT BMDMs/BMDCs and STM-in-
fected human macrophages were cumulated to reflect the overall im-
pact of bacterial products on the pool of miR-222 molecules.
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by Seeley et al. was biased by the isoform selective
RT-qPCR approach they used based on our recent obser-
vations for this miRNA (Nejad et al. 2018b; Seeley et al.
2018).

Accordingly, in LPS-stimulated BMDMs and BMDCs,
the bulk of miR-222 isoform populations was represented
by its longer 3′-end variants (>23 nt), and these longer
isoforms were not increased but rather decreased follow-
ing LPS treatment—independent of miR-155 expression
(Fig. 1B; Supplemental Tables S1, S2). Importantly, and
aligning with the RT-qPCR assay, isoforms of miR-222
ranging between 21 and 23 nt were increased by LPS
(Fig. 1B). However, since these shorter isoforms only mar-
ginally contributed to the pool of miR-222 molecules, they
did not compensate for the decrease of the more abun-
dant longer isoforms (Fig. 1B).

Since Seeley et al. also reported an induction of miR-222
levels in human monocytes following bacterial infection
(Seeley et al. 2018), we next revisited an independent
small RNA-seq data set of human monocyte-derived
macrophages infected by Salmonella enterica serovar
Typhimurium for 24 h (which also activates TLR4) (Pai
et al. 2016). Analyses of these samples at the isoform level
revealed a shift of prevalent miR-222 isoforms from 24 to
22 nt, with an overall decrease of miR-222 molecules
(Fig. 1C,D; Supplemental Table S3). These results are sim-
ilar to our previous analyses of Salmonella Typhimurium-
infected human monocyte-derived dendritic cells (Nejad
et al. 2018b), and confirm that changes in miR-222 isoform
stoichiometry are conserved between human and mouse
phagocytes exposed to bacterial products. We have re-
cently demonstrated that long and short miR-222 3′-end
variants have a similar function on their targets (with direct
miRNA binding sites for miR-222) (Yu et al. 2017). We
would therefore predict that regulation of mRNA targets
bymiR-222 would be independent of the length of the iso-
form considered, and that in the context of macrophage
bacterial stimulation, miR-222 function is rather modestly
decreased.

Thus, while the results from Seeley et al. clearly substan-
tiated an interplay betweenmiR-222 and transcriptional si-
lencing of pro-inflammatory responses (Seeley et al. 2018),
we believe that their interpretation of induced miR-222
levels as a negative feedback to LPS treatment and bacte-
rial infection inmacrophages, is muddied by the technique
used tomeasure themiRNAs and does not account for var-
iations of miR-222 at the isoform level induced by LPS,
which rather decreases global miR-222 levels (Fig. 1D).
We note that their study relies on the use of predesigned
LNA-based RT-qPCRs, targeted to the miRBase canonical
miR-222 (21 nt) (Seeley et al. 2018). We have shown that
this predesigned LNA miR-222 assay does not amplify
the 24–25 nt isoform of miR-222 as well as its 21–23 nt iso-
forms, based on amplification of synthetic miR-222 iso-
forms (Nejad et al. 2018a).

Given the prevalent use of RT-qPCR to measure miRNA
levels and that many researchers do not have access to
isoform-level RNA-seq, we anticipated that the situation
presented here for miR-222 and the work of Seeley et al.
(2018) was far from unique, and likely represented a com-
mon problem for researchers in the field. Since many
miRNAs have been reported to be differentially impacted
by LPS in macrophages (Nejad et al. 2018c), we next per-
formed a detailed isoform analysis of the 50 major miRNA
families expressed in WT BMDMs, relying on the data set
used in Figure 1 (Dueck et al. 2014). As shown in Figure
2A (left panel), isoforms of most miRNAs were differently
impacted by LPS simulation. With the exception of a few
miRNAs such as miR-155-5p and miR-182-5p for which
all the isoforms where robustly induced by LPS, and
miR-99b-5p and miR-125a-5p which were broadly sup-
pressed by LPS, longer isoforms were generally decreased
and shorter forms increased—with variations between
miRNA families. This was reminiscent of what we had pre-
viously observed in STM-infected human monocyte-de-
rived dendritic cells (Nejad et al. 2018b), and supports
that a complex regulation of isomiR processing/degrada-
tion operates upon macrophage activation.

In accordance with the concept that isoform processing
is impacted by the cell type (Juzenas et al. 2017), the dom-
inant isoform was not concordant with its canonical
miRBase annotation for 15 out of the 50 miRNA families
(Fig. 2A, right panel, compare expression with the defined
canonical isomiR, denoted by a black circle). This raised
specific concerns for miRNAs where the miRBase anno-
tated canonical isoform responded differently to the
prevalent isomiRs. Response to LPS in WT and miR-155-
deficient BMDMs was analyzed further for fivemiRNA fam-
ilies (miR-221-3p, miR-30d-5p, miR-30e-5p, miR-27b-3p
and miR-342-3p—Fig. 2B). The responses of miR-30d-
5p, miR-30e-5p and miR-342-3p were similar to that of
miR-222-3p, since their canonical annotation targets a
shorter isoform that was modestly induced by LPS, when
the major isoform of these families was rather decreased
by LPS stimulation (Fig. 2B). Conversely, the response of
miR-27b-3pwas similar to that of miR-221-3p with its major
isoform being induced or unchanged (Fig. 2B).

Given that commercial RT-qPCR assays to quantify
miRNAs are designed to amplify the canonical variants de-
fined in miRBase, these observations suggested that for
the five miRNAs selected here, RT-qPCR approaches
could lead to the misinterpretation of results. In line with
this, we previously reported that RT-qPCR amplification
of miR-221-3p with the Taqman stem–loop assay directed
against its 23 nt isoform led to the detection of a strong
decrease of miR-221-3p in LPS-treated BMDMs (Nejad
et al. 2018b), when it is clear at the isoform level that the
overall population of miR-221-3p molecules is rather in-
creased in BMDMs due to a shift of the predominant iso-
form from 23 to 22 nt (Fig. 2B). Similarly, we found that
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miR-27b-3p was decreased in LPS-treated cells by low-
density Taqman RT-qPCR array ([Nejad et al. 2018b] and
not shown), when this miRNA is in fact rather increased
by stimulation (Fig. 2B). These results are not surprising
since miR-221-3p and miR-27b-3p Taqman stem–loop as-
says are one base longer than their predominant isoform in
BMDMs, and we have shown (using synthetic miR-222-3p
variants) that stem–loop and polyadenylation RT-qPCR as-
says designed to target longer miRNAs failed to detect
shorter isoforms (Nejad et al. 2018a,b).

We next searched the literature for other miRNAs
reported to be decreased in mouse macrophages upon
LPS stimulation, which might have been attributed to an
amplification bias of the RT-qPCR assays of a longer minor
isoform. Our analyses of miR-27a-3p in the human macro-
phages and mouse BMDM/BMDC data sets (Dueck et al.
2014; Pai et al. 2016), demonstrated that the stoichiometry
of its isoforms was impacted by bacterial products, but
that this did not substantially decrease the overall intra-
cellular concentration of this miRNA family, as the 20 nt
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FIGURE 2. Broad effect of LPS on miRNA isoforms in mouse BMDMs. (A) Heat maps representing the LPS-induced fold change expression of
each isoform for the top 50 most abundant miRNA families (right panel), in wild-type (WT) BMDMs, and the basal expression of each isoform
within a family in untreated cells (left panel). Fold changes greater than twofold are shown in red (right panel) (values are based on
Supplemental Table S4). Black circles highlight miRBase canonical isoforms, while stars refer to abundant isoforms when different from
miRBase definition (seen in the right panel). Absent values are shown in gray. miRNA families analyzed further in Figure 1 (i.e., miR-222-3p) or
Figure 2B are shown in bold. (B) Detailed analysis of CPM and cumulative CPM for the 3′-end isoforms of selected miRNA families in BMDMs
from WT and miR-155-deficient mice (Dueck et al. 2014). For cumulative CPM, the data shown are from WT BMDMs. Data shown are from
one biological sample for each condition.
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isoform was induced in all three cell models (Fig. 3A–C,
which shows the cumulative effect of LPS on this miRNA
family). This contrasts with a study relying on the Taqman
stem–loop miRNA assay targeted to the 21 nt isoform
of miR-27a-3p, which reported that miR-27a-3p was
decreased by more than 50% in mouse and human
macrophages stimulated with LPS at 24 h (Xie et al.
2014)—nonetheless aligning with the effect of LPS seen
on this specific 21 nt isoform (Fig. 3A–C). We note that

an independent study of Mycobacterium tuberculosis in-
fected human dendritic cells based on Agilent Human
miRNA microarrays also reported miR-27a-3p to be
down-regulated (Siddle et al. 2014). This illustrates that
the miRBase isoform bias is not restricted to RT-qPCR ap-
proaches, and can also been seen with certain microarray
probes with 3′-end selectivity (see Fig. 1A).

Similarly, we found that miR-107-3p isoforms displayed
differential responses in human macrophages and mouse
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FIGURE 3. Bacterial-driven modulation of miR-27a-3p, miR-107-3p, and miR-30a-5p isoforms in human and mouse macrophages. (A,D,G)
Detailed analysis of CPM for the 3′-end isoforms of miR-27a-3p (A), miR-107-3p (D), and miR-30a-5p (G) in BMDMs and BMDCs from wild-
type (WT) andmiR-155-deficient mice (Dueck et al. 2014). Data shown are from one biological sample for each condition. Black circles highlight
miRBase canonical isoforms. (B,E,H) Detailed analysis of CPM for the 3′-end isoforms of miR-27a-3p (B), miR-107-3p (E), and miR-30a-5p (H) in
humanmonocyte-derivedmacrophages, infected for 24 h with Salmonella Typhimurium (STM) at anMOI of 5:1, compared to NT cells at 24 h (Pai
et al. 2016). Data are averaged from six patients (mean± standard error of the mean is shown). Black circles highlight miRBase canonical isoforms.
(C,F,I ) CPM of the prevalent miR-27a-3p (C ), miR-107-3p (F ), and miR-30a-5p (I ) 3′-end isoforms from NT and LPS-treated WT BMDMs/BMDCs
and STM-infected human macrophages were cumulated to reflect the overall impact of bacterial products on the pool of miRNA molecules.
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BMDMs/BMDCs, although variations existed between the
cell types (Fig. 3D–F). Overall, miR-107-3p was not de-
creased in LPS-treated BMDMs and human macrophages
(Fig. 3F), and was onlymarginally decreased in LPS-treated
BMDCs (Fig. 3D). SincemiR-107-3p assays are designed to
target the longer 23 nt isoform, which is decreased in
BMDCs and human macrophages but is less abundant
that the 21 nt isoform after stimulation, it was not surprising
that two independent studies previously identified miR-
107-3p as down-regulated by LPS at 24 h relying on the
stem–loop Taqman RT-qPCR approach in BMDMs and
BMDCs (Hennessy et al. 2011; Xue et al. 2014).
Finally, we searched the literature for miRNAs similar

to miR-222, which were reported to be induced due to tar-
geting of a shorter minor isoform induced by LPS. We
found that miR-30a-5p which is annotated as a 22 nt iso-
form in miRBase, was previously shown to be induced
in mouse RAW267.4 macrophages stimulated with 24-h
LPS treatment, by stem–loop Taqman RT-qPCR (Jiang
et al. 2017). Nonetheless, the overall miR-30a-5p levels
were not induced by bacterial products in human macro-
phages and mouse BMDMs/BMDCs in our analyses, since
the prevalent isoform of this miRNA, the 24 nt, was not in-
duced (and rather modestly decreased for instance in hu-
man and mouse macrophages) (Fig. 3G–I).
Collectively, the analyses presented here underline the

need for a better understanding by miRNA researchers of
the bias introduced by the use of commercial RT-qPCR as-
says designed against miRBase canonical isoforms. While
such bias may be different according to whether the
assay targets a longer or shorter isoform than the prevalent
one expressed (Nejad et al. 2018a,b), and the technology
used (stem–loop, polyadenylation-based or microarray-
based—see Fig. 1A), the fewexamples discussed in this re-
port call for better scrutiny of technical artifacts introduced
by themiRNA detection method used, as theymay jeopar-
dize the validity of the findings.
To avoid these issues, miRNA researchers should con-

sider the sequences of the miRNAs that are actually being
expressed or, if RNA-seq is not available, at least consider
if themiRNA of interest has been reported to exhibit signif-
icant 3′-end variance between cells or tissues. Rapidly ex-
panding isomiR data sets are available to assist with this
(Juzenas et al. 2017; Telonis et al. 2017). If resorting to pre-
designed commercial RT-qPCR assays, researchers need
to know what isoforms they are targeted to, and to deter-
mine whether the amplification will be impacted by such
3′-end variations. In our hands, assays targeted to longer
isoforms (i.e., >22 nt), generally failed to amplify isoforms
shorter by twoormorebases, for both stem–loop andpoly-
adenylation strategies (Nejad et al. 2018a,b). Equally,
some probes targeted to shorter isoforms (i.e., 20–21 nt)
did not amplify longer isoform as efficiently (as depicted
in Fig. 1A), as seen with LNA assay targeting miR-222
(Nejad et al. 2018a). In the instance where shifts of

predominant 3′-end isoforms have previously been evi-
denced, the researchers should therefore decide whether
they are interested in quantifying the overall concentra-
tion of the miRNA, independent of the isoform length,
or whether they are specifically interested in one of the
3′-end isoforms. Our comparison of stem–loop Taqman,
polyadenylation, and LNA-RT-qPCR approaches showed
that modified polyadenylation RT-qPCR relying on sim-
ple/inexpensive DNA primers was the most flexible
approach, offering the capacity to amplify overall miRNA
levels, and more specific 3′-end isoforms (Nejad et al.
2018a). Nonetheless, polyadenylation RT-qPCR can come
at the cost of lower specificity toward select miRNA from
closely related sequences, which should also be taken
into account. Beyond the concern of results misinter-
pretation, changes of isomiR stoichiometry can present
novel opportunities for miRNA biomarkers analyzed by
RT-qPCR-based approaches, as illustrated here for miR-
221-3p. We propose that the use of strategies relying on
more selective isoform amplification such as the modified
polyadenylation strategy we recently reported (Nejad et al.
2018a), may indeed facilitate the identification of disease
specific isoforms, and their use in clinical context, as for in-
stance suggested for the use of miR-222 in septic patients
(Seeley et al. 2018).
Whether changes of isomiR stoichiometry shown here

are restricted to phagocytes is unlikely since we saw similar
responses in human fibroblasts (Nejad et al. 2018a,b),
which are functionally very different from phagocytes. In
addition, a recent study reported that PMA treatment of
the chronic myelocytic leukemia cell line K562 promoted
changes of isomiR stoichiometry in 7% of the 133 miRNA
families analyzed (Muiwo et al. 2018). Similar to what we
describe here with LPS, the isoforms of miR-27b-3p were
differently impacted by PMA in this study, and the preva-
lent isoform shifted from the 21 to 20 nt long 3′-isomiR
(Muiwo et al. 2018). However, further studies are needed
to define whether the broad changes of isomiRs seen in
the context of pathogen infection are also seen with other
stimuli, and to define how such changes impact miRNA
function. As such, the possibility that variation of miRNA
3′-end helps modulate intracellular localization and turn-
over is probably only scratching the surface of a more com-
plex modulation of miRNA activity (Yu et al. 2017; Nejad
et al. 2018b).

MATERIALS AND METHODS

Bioinformatics analyses of miRNA isoforms

Raw sequencing reads were downloaded from NCBI Sequence
Read Archive for Studies SRP026382 (Dueck et al. 2014) and
SRP064235 (Pai et al. 2016). Data were processed essentially
as described for analysis of miRNA isoforms in Nejad et al.
(2018b) except using cutadapt v1.14 (Martin 2011) and BWA
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v0.7.12 (Li and Durbin 2010) against the human (build hg19) or
mouse (build mm10) reference genomes. Prior to normalization,
rawmicroRNA isoform counts were filtered to retain only isoforms
with at least three reads in at least one sample and counts
were normalized to counts per million (CPM) using EdgeR
(CalcNormFactors parameter “method”: TMM [Robinson et al.
2010]). Only isoforms with canonical 5′-end positions were used
to generate the figures, which comprised all of themost abundant
isoforms (see Supplemental Tables S1–S3 for details of all iso-
forms identified). The heatmaps shown in Figure 2A were gener-
ated using the Morpheus tool (https://software.broadinstitute.
org/morpheus), and values normalized to NT are shown in Sup-
plemental Table S4.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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