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ABSTRACT

MicroRNAs (miRNAs or miRs) are single-stranded,
∼22-nucleotide noncoding RNAs that regulate many
cellular processes. While numerous miRNA quantifi-
cation technologies are available, a recent analysis of
12 commercial platforms revealed high variations in
reproducibility, sensitivity, accuracy, specificity and
concordance within and/or between platforms. Here,
we developed a universal hairpin primer (UHP) sys-
tem that negates the use of miRNA-specific hair-
pin primers (MsHPs) for quantitative reverse tran-
scription PCR (RT-qPCR)-based miRNA quantifica-
tion. Specifically, we analyzed four UHPs that share
the same hairpin structure but are anchored with
two, three, four and six degenerate nucleotides at
3′-ends (namely UHP2, UHP3, UHP4 and UHP6), and
found that the four UHPs yielded robust RT prod-
ucts and quantified miRNAs with high efficiency.
UHP-based RT-qPCR miRNA quantification was not
affected by long transcripts. By analyzing 14 miR-
NAs, we demonstrated that UHP4 closely mimicked
MsHPs in miRNA quantification. Fine-tuning experi-
ments identified an optimized UHP (OUHP) mix with

a molar composition of UHP2:UHP4:UHP6 = 8:1:1,
which closely recapitulated MsHPs in miRNA quan-
tification. Using synthetic LET7 isomiRs, we demon-
strated that the OUHP-based qPCR system exhibited
high specificity and sensitivity. Collectively, our re-
sults demonstrate that the OUHP system can serve
as a reliable and cost-effective surrogate of MsHPs
for RT-qPCR-based miRNA quantification for basic
research and precision medicine.

INTRODUCTION

Mature microRNAs (miRNAs or miRs) are a group of evo-
lutionarily conserved endogenous, single-stranded, small
noncoding RNAs with an average length of 22 nucleotides
(nt), ranging from 18 to 25 nt (1–4). The biogenesis of miR-
NAs starts with their transcription into primary miRNA
(pri-miRNA) transcripts, which are subsequently processed
into precursor miRNAs (pre-miRNAs) and finally into ma-
ture miRNAs through DROSHA/DICER cleavage ma-
chinery (3,4). Mechanistically, miRNAs are associated with
Argonaute (AGO) proteins to form the so-called RNA-
induced silencing complex and post-transcriptionally mod-
ulate gene expression by guiding AGOs to complemen-
tary regions of target mRNAs to repress their transla-
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tion or regulate degradation (3,4). It has been shown that
miRNAs exhibit tissue-specific expression patterns (3). Pri-
miRNAs can generate a single mature miRNA or clus-
ters of related miRNAs (3). Furthermore, miRNAs can be
grouped into families based on the similarity of their seed
sequences, which comprise nucleotides 2–8 (counting from
the 5′ end) and are primarily responsible for miRNA tar-
geting of mRNAs (3). Emerging evidence has shown that
miRNAs are essential regulators of numerous key cellular
processes, including apoptosis, proliferation or differentia-
tion, and dysregulation of miRNAs may lead to the devel-
opment of human diseases such as cancer and other chronic
and metabolic disorders (3,4).

According to the world’s largest collection of miRNA
data, the miRNA registry database miRBase (mirbase.org),
the human genome encodes 2654 mature miRNAs (1908 in
mice and 728 in rats) (miRBase v.22) (5), although GEN-
CODE (v.29) documents >200 000 transcripts, including
isoforms with slight variations (6). Another recently estab-
lished miRNA candidate database miRCarta lists 12 857
human miRNA precursors (7). However, it has recently
been reported that only ∼2300 true human mature miRNAs
were extrapolated, 1115 of which are currently annotated
in miRBase v.22 (8). The main reason that many miRNAs
are not classified as ‘high confidence’ is the lack of expres-
sion data. Additionally, the abundance of different miR-
NAs in different cells and tissues varies drastically, from 0
to 1.4 × 105 reads per million (5). In fact, 1225 human miR-
NAs (64%) do not have ≥20 reads associated with each arm
in the datasets and thus cannot be confidently annotated
(5).

Given the fact that miRNA expression levels vary sig-
nificantly in different cells and tissues, accurate miRNA
quantification is critical to assess biological functions and
possible pathogenic roles of miRNAs. Ever since miR-
NAs were first discovered, numerous techniques have
been devised to detect miRNA expression under var-
ious physiological and pathological conditions (9–12).
In general, the miRNA detection methods can be di-
vided into the following categories: (i) conventional
techniques such as northern blotting (NB), microarray,
in situ hybridization and quantitative reverse transcrip-
tion PCR (RT-qPCR); (ii) biosensor techniques such
as electrochemical-based detection, optical-based detec-
tion and nanotube-based techniques; and (iii) other
emerging techniques, including next-generation sequencing
(NGS), and nucleic acid amplification techniques such as
rolling circle amplification (RCA), duplex-specific nucle-
ase (DSN)-based amplification, loop-mediated isothermal
amplification (LAMP), exponential amplification reaction
(EXPAR) and strand-displacement amplification (SDA)
(9–12).

Each of the above detection techniques has its unique
advantages, as well as inherent shortcomings, including
long processing time, laborious procedures, low through-
put, large sample size requirements, false positivity, lack
of sensitivity and/or costly instrument requirements. Not
surprisingly, a comprehensive comparison analysis of the
12 commonly used commercial platforms for quantifying
miRNA expression, including small RNA (sRNA) sequenc-

ing, RT-qPCR and microarray hybridization, revealed high
variations in reproducibility, sensitivity, accuracy, speci-
ficity and concordance of differential expression within
and/or between platforms (13). Nonetheless, RT-qPCR-
based detection of miRNA expression remains one of the
most commonly used methods ever since the introduction
of stem–loop or hairpin primers for miRNA RT reactions
(14), or the use of the poly(A) polymerase to polyadenylate
mature miRNAs coupled with a poly(T) adapter to gener-
ate a cDNA (15). However, the hairpin or stem–loop primer
system requires the use of miRNA-specific hairpin primers
(MsHPs), which is not cost-effective and has low through-
put.

In this study, we sought to develop a cost-effective and
reliable universal hairpin primer (UHP) system that not
only negates the use of MsHPs for RT reactions but
also has high throughput potential. Specifically, we com-
prehensively analyzed a panel of four UHPs that share
the same stem–loop/hairpin structure but anchored with
two, three, four and six degenerate nucleotides at their
3′-ends (namely UHP2, UHP3, UHP4 and UHP6), and
found that all four degenerate UHPs yielded robust RT
products and specifically quantified individual miRNAs
by qPCR with high efficiency similar to that of MsHPs.
We also showed that the UHP-based RT-qPCR miRNA
quantification was not affected by the presence of ribo-
somal RNAs and long transcripts. By analyzing a panel
of 14 miRNAs, we demonstrated that, while still overesti-
mating, the degenerate tetramer UHP4 closely mimicked
MsHPs in RT-qPCR-based miRNA quantification. Inter-
estingly, our results suggest that the hairpin-containing de-
generate hexamer-initiated RT-qPCR analysis may over-
estimate the expression levels of coding and noncoding
transcripts. Further fine-tuning experiments identified an
optimized UHP (OUHP) mix with the molar composi-
tion of UHP2:UHP4:UHP6 = 8:1:1 that closely recapit-
ulated MsHPs in miRNA quantification. It is conceiv-
able that the OUHP system can be easily adapted for
other forms of qPCR detection chemistry, and/or modi-
fied to implement multiplex miRNA quantification. Taken
together, our results demonstrate that the reported OUHP
system can serve as a best surrogate of any MsHP for
RT-qPCR-based quantification of miRNA expression in
a cost-effective and/or high-throughput fashion, which
should be a valuable tool for basic research and precision
medicine.

MATERIALS AND METHODS

Cell culture and chemicals

Human HEK-293, human osteosarcoma 143B and human
melanoma A375 cells were obtained from the American
Type Culture Collection (Manassas, VA). All cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum
(Gemini Bio-Products), 100 U/ml penicillin and 100 �g/ml
streptomycin at 37◦C in 5% CO2 as described previously
(16–19). Unless indicated otherwise, other chemicals were
purchased from Thermo Fisher Scientific (Waltham, MA)
or Millipore Sigma (St Louis, MO).
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Design and synthesis of MsHPs and UHPs for reverse tran-
scription reactions

The design of hairpin or stem–loop primers for reverse
transcription of miRNA samples is illustrated in Figure 1.
All DNA oligonucleotides including qPCR primers were
synthesized by Millipore Sigma. Synthetic mature miR-
NAs HSA-LET7d, HSA-LET7e, HSA-LET7i and HSA-
LET7g were ordered from the Integrated DNA Tech-
nologies (Coralville, IA). The oligonucleotide sequences
and their utilities are summarized in Supplementary
Table S1.

Total RNA isolation and sRNA (<200 nt) purification

Total RNA was isolated from exponentially growing HEK-
293 cells using the NucleoZOL RNA Isolation Kit (Takara
Bio USA, Mountain View, CA) according to the manufac-
turer’s instructions as described (20–22). To purify sRNA
(<200 nt), we performed magnetic bead-based size se-
lection with the commercially available Mag-Bind® To-
talPure NGS magnetic beads (Omega Bio-Tek, Inc., Nor-
cross, GA) as described previously (23). Briefly, 5 �g of
total RNA was dissolved in 20 �l RNase-free molecular
biology grade ddH2O and mixed with 20 �l Mag-Bind
beads (i.e. RNA/magnetic bead vol/vol ratio of 1:1). The
RNA/magnetic bead mixture was incubated at room tem-
perature for 10 min. The mixture was subjected to a mag-
net, and the sRNA (<200 nt)-containing supernatant was
collected, while the large transcripts (>200 nt) bound to
beads and were discarded. The collected sRNA was sub-
jected to PC8 phenol/chloroform extraction, followed by
ethanol precipitation. The recovered sRNA was dissolved
in 20 �l RNase-free molecular biology grade ddH2O for re-
verse transcription reactions, or kept at −80◦C.

Characterization and quantification of the purified sRNA

After magnetic bead-based size selection, the recovered
sRNA collection was assessed by using the Agilent 2100
Bioanalyzer (Santa Clara, CA) as described (24). Briefly,
the recovered sRNA and total RNA samples (1.0 �l each)
were loaded onto the Bioanalyzer RNA Nano Chips, along
with size marker. The chip was subjected to electrophoresis
according to the manufacturer’s instructions. The integrity
and quantity of the RNA samples were visualized in both
gel images and electropherograms.

RT reactions using hairpin (stem–loop) primers

The 14 MsHPs and 4 UHPs were dissolved in RNase-free
ddH2O at 1.0 �g/�l. The MsHP pool was created by mixing
10 �l of each MsHP. For RT reactions, 1 �g of total RNA
or 0.1 �g of purified sRNA (in 10 �l ddH2O) was mixed
with 2.0 �l of MsHP pool, or UHPs (i.e. UHP2, UHP3,
UHP4 and UHP6), and annealed at 70◦C for 5 min. After
being cooled down on ice, each RNA/hairpin primer mix-
ture was supplemented with 0.5 �l of RNase inhibitor (New
England Biolabs, or NEB, Ipswich, MA), 2 �l of 10× RT
buffer (NEB), 2 �l of 10 mM dNTPs, 0.5 �l of M-MuLV
Reverse Transcriptase (NEB) and 3 �l RNase-free ddH2O.

Figure 1. Schematic representation of the UHP system. (A) Schematics
of conventional hairpin (or stem–loop) primer-based qPCR analysis of
miRNA expression. An MsHP contains six nucleotides complementary to
the 3′-end of mature miRNA, followed by a stem–loop structure. Once
MsHP anneals to the targeted miRNA (a), RT reaction is carried out (b).
The resultant RT product is used as a template for real-time quantitative
PCR analysis (c) using a forward primer matching to the 5′-end of the ma-
ture miRNA and a reverse primer complementary to the 3′-end of the hair-
pin or stem–loop structure. (B) The schematic structure and nucleotide se-
quences of the tested UHPs. MsHP is a representative MsHP that contains
a 14-bp stem, 16-nt loop and six nucleotides complementary to 3′-end of
mature miRNA (indicated as ‘x’). UHP2, UHP3, UHP4 and UHP6 repre-
sent the four UHPs and share the same hairpin sequence as that of MsHPs,
except that they contain two, three, four and six randomized nucleotides at
the 3′-end of the stem sequence.
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The RT reactions were kept at 25◦C for 10 min, and then
at 37◦C for 30 min. Eighty microliters of ddH2O was added
to the RT products, which served as qPCR templates with
further dilutions and were kept at −80◦C.

Touchdown quantitative real-time PCR and data analysis

To increase the annealing temperature, a sequence of
AGCC was added to the first 17 nt of all mature miR-
NAs, and used as miRNA qPCR forward primers. The
oligonucleotide 5′-GTG CAG GGT CCG AGG TAT TC-
3′, which is derived from the hairpin or stem–loop struc-
ture, was used as a common miRNA qPCR reverse primer.
Primers for the reference transcript human 5S riboso-
mal RNA were designed using the Primer3Plus program.
The touchdown quantitative real-time PCR (TqPCR) re-
actions were set up by using the 2× Forget-Me-Not™
EvaGreen qPCR Master Mix (Biotium, Fremont, CA),
and carried out by using CFX-Connect (Bio-Rad) as pre-
viously described (25–28). The TqPCR cycling program
was as follows: 95◦C for 3 min for 1 cycle; 95◦C for
20 min and 66◦C for 10 min, for 4 cycles by decreas-
ing 3◦C per cycle; and 95◦C for 20 min, 55◦C for 10
min and 70◦C for 1 min, followed by plate read, for
40 cycles.

Five-fold serial dilutions were performed to determine
the amplification efficiency for each qPCR primer pair. No
template control was used as a negative control. All reac-
tions were done in triplicate. To quantitatively assess the
quantification cycle (Cq) deviation from the MsHP group,
�Cq values were calculated for the UHP groups by sub-
tracting individual average Cq value from respective Cq
value for the MsHP group: �Cq = average Cq (MsHP)
− average Cq (UHP).

Data analysis and statistical evaluation

All qPCR reactions were done in triplicate and/or in three
independent batches of experiments. The linear mixed-
effects models fitted by restricted maximum likelihood
(REML) with the lme4 R package were employed to iden-
tify the fittest UHP, compared with the Cq values yielded by
using MsHP. The nonparametric Kruskal–Wallis test with
pairwise comparisons using the Wilcoxon rank sum exact
test was carried out to assess the statistical difference among
the �Cq values of the four UHPs, relative to that of the
MsHP group. Linear regression and correlation coefficient
analysis were carried out to assess the effect of long tran-
scripts on miRNA quantification. Whenever a comparison
was made, a P-value <0.05 was considered statistically sig-
nificant. All statistical analyses were performed using R sta-
tistical software (version 4.0.4, 2021; R Foundation for Sta-
tistical Computing, Vienna, Austria).

RESULTS

A novel UHP system provides a broad dynamic range of am-
plification in qPCR-based detection of miRNA expression

Since its development nearly two decades ago, the miRNA-
specific stem–loop (or hairpin) primer-based RT-PCR

method has been widely used to quantify miRNA expres-
sion (14). In this conventional system, the MsHP con-
tains six nucleotides complementary to the 3′-end of ma-
ture miRNA, followed by a stem–loop structure (Figure
1A). Once MsHP anneals to the targeted miRNA, RT re-
action is carried out and the resultant RT product is used
as a template for real-time quantitative PCR analysis us-
ing a forward primer matching to the 5′-end of the mature
miRNA and a reverse primer complementary to the 3′-end
of the hairpin or stem–loop structure (Figure 1A).

While the MsHP system has been a robust system in
miRNA quantification, it is not cost-effective for large-scale
and/or high-throughput analysis of multiple miRNAs si-
multaneously. To overcome this limitation, we designed a
novel UHP system for RT-PCR-based miRNA quantifica-
tion (Figure 1B). In this system, we tested four UHPs, desig-
nated as UHP2, UHP3, UHP4 and UHP6, which share the
same hairpin sequence as that of MsHPs, except that they
contain two, three, four and six randomized nucleotides at
the 3′-end of the stem sequence. Their hairpin structures are
illustrated in Figure 1B.

We first tested the sensitivity and specificity of the four
UHPs as RT primers, in comparison with those of the
MsHP pool. The RT products were prepared with the four
UHPs and MsHP, and then 4-fold serially diluted. For
practical reasons, we selected three representative miRNAs,
HSA-MIR-122-5P (Figure 1A, panel a), HSA-MIR-181A-
5P (Figure 1A, panel b) and HSA-MIR-11268A (Figure
1A, panel c), and quantified their expression in the pre-
pared RT products. We found that the three selected miR-
NAs displayed proper amplification curves in a template
concentration-dependent fashion (Figure 2A, panels a–c).
However, it is noteworthy that, when compared with the
MsHP group, the amplification curves for the UHP2 group
were right-shifted, while the amplification curves for the
UHP6 group were left-shifted, at least for HSA-MIR-122-
5P and HSA-MIR-181A-5P (Figure 1A, panels a and b).
Nonetheless, the UHPs yielded excellent standard curves
for the three miRNAs tested with R2 value >0.97, except for
MIR-122-5P primed with UHP2 (R2 value = 0.711) (Sup-
plementary Figure S1A, panels a–c). The melt curves indi-
cate that all UHPs generated a single peak (Figure 2B), and
agarose gel analysis also confirmed that all UHP groups
generated a single band with the same size as that of the
MsHP groups (Figure 2C). Alternatively, we performed a
serial dilution of total RNA, followed by reverse transcrip-
tion using MsHP and the four UHP primers. The RT prod-
ucts were subjected to TqPCR analysis using specific for-
ward primers for HSA-MIR-122-5P, HSA-MIR-181A-5P
and HSA-MIR-1268A. Our results demonstrated that the
amplification curves for the UHP2 group were right-shifted,
while the amplification curves for the UHP6 group were
left-shifted, at least for HSA-MIR-122-5P and HSA-MIR-
181A-5P (Supplementary Figure S1B, panels a–c). Collec-
tively, these results demonstrate that (i) the four UHPs
were effective and specific in initiating the RT reactions for
miRNA quantification and (ii) the miRNA qPCR primer
pairs consisting of miRNA-specific forward primers and the
common reverse primer derived from the hairpin provided
a reasonable dynamic range of detection with high amplifi-
cation efficiency.
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Figure 2. Sensitivity and specificity of the UHP-based qPCR analysis of miRNA expression in comparison with MsHPs. (A, B) Dynamic range and
standard curve analysis of UHPs versus MsHP. UHP- and MsHP-derived RT products using total RNA from HEK-293 cells were subjected to 4-fold
serial dilutions and used for TqPCR. Three representative miRNAs, HSAMIR-122-5P (a), HSAMIR-181A-5P (b) and HSAMIR-1268A (c), were selected
for dynamic range of amplification (A) and melt curve analysis (B). Standard curves are shown in Supplementary Figure S1. (C) Amplification specificity.
The qPCR end products with expected sizes of ∼65 bp were assessed by electrophoresis on 2% agarose gels. Only the results from the 1:160 dilution groups
(the second dilution for the three miRNAs) are shown.
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The degenerate tetramer UHP4 closely recapitulates MsHP
pool in miRNA qualification

As shown earlier, while the four UHPs were able to de-
tect miRNA expression with high sensitivity and specificity,
it is important to determine whether their amplifications
represent the actual expression levels of the tested miR-
NAs as defined by their MsHPs. To ensure the validity
of such fit test assays, we chose a panel of 14 miRNAs
with a wide range of expression levels. The RT products
were prepared from total RNA samples with the MsHP
pool, UHP2, UHP3, UHP4 and UHP6 primers, and sub-
jected to TqPCR as previously described (25), using the
14 miRNA-specific forward primers and a common reverse
primer. For the RT products derived from MsHPs and four
UHPs, 5 of the 14 analyzed miRNAs exhibited the Cq
values relatively close to those of the respective MsHPs,
including HSAMIR-122-5p, HSAMIR-192-3p, HSAMIR-
221-5p, HSAMIR-4425 and HSAMIR-1268A (Figure 3A).
However, the Cq values of the remaining nine miRNAs had
significant deviations from those of the respective MsHPs,
and in particular, the UHP6 group seemingly yielded signif-
icantly lower Cq values, compared with respective MsHPs
(Figure 3A). Furthermore, we conducted the linear mixed-
effects models fitted by REML and identified that UHP4
yielded Cq values that were the closest to those of respective
MsHPs.

We further calculated the �Cq values relative to respec-
tive MsHPs for the UHPs. Heatmap clustering analysis in-
dicated that 13 of the 14 tested miRNAs have positive �Cq
values in the UHP6 group, indicating an overestimation of
miRNA expression compared to that of respective MsHPs
(Figure 3B). Conversely, 11 of the 14 tested miRNAs have
negative �Cq values in the UHP2 group, suggesting that the
miRNA expression may be underestimated in this group,
compared with that of the MsHPs (Figure 3B). For the
UHP3 group, while 9 of the 14 miRNAs have negative �Cq
values and 5 have positive �Cq values, the range of the �Cq
values is significantly narrower, and 10 of the 14 miRNAs
have the �Cq values within ±2 range (Figure 3B). Consis-
tent with the conclusion of the linear mixed-effects model fit
test, the UHP4 group yields the smallest overall �Cq val-
ues, and 11 of the 14 miRNAs have the �Cq values of <1.0,
compared with those of respective MsHPs (Figure 3B), sug-
gesting that UHP4 may be the best surrogate for MsHPs in
RT-PCR-based miRNA quantification.

We also analyzed the �Cq data using the box and whisker
plot. The nonparametric Kruskal–Wallis analysis indicates
that there was a statistical difference among the four UHPs
(P-value = 2.8e−6). As shown in Figure 3C, the medians
(shown in the middle quartile) for UHP2, UHP3 and UHP4
were close to ‘0’, while the median for UHP6 deviated signif-
icantly from ‘0’ (Figure 3C). As expected, the UHP4 group
yielded the tightest box of the middle 50%, and the me-
dian was the closest to ‘0’ among the four UHP groups,
whereas the whiskers were the shortest among the four
UHP groups (Figure 3C), indicating lower variabilities out-
side the upper and lower quartiles than other UHP groups.
Interestingly, the difference in data distributions between
UHP3 and UHP4 was not statistically significant (Figure
3C). Collectively, these results demonstrate that UHP4 is

the most approximate of the tested MsHPs in RT-PCR-
based miRNA quantification.

The presence of ribosomal RNAs and long transcripts does
not affect the UHP-based qPCR quantification of miRNA
expression

Many miRNA quantification protocols require the purifi-
cation of sRNAs using commercially available kits. In this
study, we used the 3′-end randomized hairpin primers or
UHPs for RT reactions. It is conceivable that the UHPs may
produce large amounts of non-miRNA-related RT prod-
ucts from rRNAs and long transcripts and lead to decreased
sensitivity and specificity in miRNA quantification. To test
whether such adverse effect may exist, we conducted a side-
by-side comparison study of miRNA quantification by us-
ing the RT products prepared from total RNA and purified
sRNA samples. We employed our recently validated proto-
col to separate different sizes of nucleic acids through the
commercially available size selection magnetic bead system
(23,24), and removed RNA species >200 nt (Figure 4A,
panel a). The recovered sRNAs were <200 nt based on the
results from Agilent 2100 Bioanalyzer assays (Figure 4A,
panel b).

Using the purified sRNA sample along with its corre-
sponding total RNA sample, we performed RT reactions
using MsHP and UHP4 primers. The average Cq values of
the 14 miRNAs were at similar levels, while certain varia-
tions were observed in a few miRNAs, albeit without sta-
tistical significance (P > 0.20) (Figure 4B). The box and
whisker plot analysis indicated that the �Cq values between
total RNA samples and purified sRNAs for the 14 tested
miRNAs were tightly centered at the ‘0’ position, and the
nonparametric Wilcoxon signed rank test found no statis-
tical difference (P = 0.35) (Figure 4C, panel a). Further-
more, linear regression and correlation coefficient analy-
sis indicated that average Cq values of the 14 tested miR-
NAs were highly correlated between total RNA and pu-
rified sRNA samples for both MsHP and UHP4 primer
groups (Figure 4C, panels b and c). We further examined the
effect of large RNA transcripts on the UHP-based qPCR
quantification of miRNA expression in the RNA samples
isolated from another three cell lines, HEK293, A375 and
143B cells. When the magnetic bead-based size selection
RNA (<200 nt) and total RNA were subjected to RT re-
actions using MsHP, we found that the expression of the
five tested miRNAs did not show any statistical difference
between the purified sRNA groups and total RNA groups
(Supplementary Figure S2A–C). Taken together, these re-
sults demonstrate that the presence of ribosomal RNAs and
long transcripts does not significantly affect the UHP-based
RT-qPCR quantification of miRNA expression in biologi-
cal samples.

Identification and characterization of an OUHP cocktail that
serves as a faithful surrogate of MsHPs in high-throughput
miRNA quantification

While the results presented in Figure 3 indicate that
the tetramer UHP4 closely recapitulated the Cq values
obtained from the MsHP-initiated RT products, UHP4 still
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Figure 3. Validation of the tetramer UHP4 as the ‘winning’ universal primer among the tested four UHPs. (A) Cq value comparison of the four UHPs
relative to MsHP. RT products prepared with the MsHP and the four UHPs using total RNA from HEK-293 cells were subjected to qPCR analysis of the
indicated 14 miRNA expression. The average Cq values were calculated and plotted. N2 = UHP2, N3 = UHP3, N4 = UHP4 and N6 = UHP6. (B) The
heatmap and cluster analysis of �Cq value relative to MsHP for each UHP. The �Cq value was calculated by subtracting each UHP’s average Cq value
from respective MsHP’s Cq value. 5S RNA was included as an internal reference transcript. (C) The box and whisker plot of �Cq value relative to MsHP
for each UHP. The nonparametric Kruskal–Wallis test was carried out to assess the statistical difference among the four UHPs.

tended to overestimate miRNA expression in general. In or-
der to develop an OUHP to serve as a faithful MsHP sur-
rogate, we formed a panel of 15 UHP formulations, namely
Mix1 through Mix15, by mixing UHP2, UHP4 and/or
UHP6 at various molar compositions in percentages (Fig-
ure 5A, panel a; Supplementary Figure S3A). We subse-
quently assessed the resultant Cq values for 14 miRNAs
in comparison with those of respective MsHPs (Figure 5A,
panel b). Heatmap clustering analysis of the Cq values of
the four tested miRNAs revealed that Mix3 was clustered
together with MsHP, while Mix4 and Mix12 were clustered
closely with UHP4 (Figure 5B).

We further analyzed the �Cq values relative to MsHPs
for the 14 tested miRNAs by the 14 cocktail mixtures, as
well as by UHP4. Heatmap clustering analysis of the �Cq
values indicated that the Mix3 group yielded the small-

est deviations from zero among all 15 cocktail groups and
the UHP4 group, while most of the other groups tended
to significantly overestimate the levels of miRNA expres-
sion (Figure 5C). A direct plot of the �Cq values also re-
vealed that the Mix3 group displayed the smallest fluctua-
tions around the ‘zero’ axis (Supplementary Figure S3B),
which was further confirmed by boxplot analysis (Sup-
plementary Figure S4). Interestingly, the distributions and
variations of the �Cq values between Mix3 and UHP4
were statistically significant, suggesting that UHP4 may be
less optimal than Mix3 in representing MsHPs in miRNA
quantification. Collectively, these results strongly suggest
that Mix3 (i.e. UHP2:UHP4:UHP6 = 8:1:1, also designated
as the OUHP) may serve as the best surrogate of MsHP
for quantifying miRNA expression in a high-throughput
fashion.
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Figure 4. The effect of large transcripts on miRNA quantification on the UHP-based qPCR system. (A) Removal of large transcripts from total RNA using
size selection magnetic beads. Total RNA from HEK-293 cells was mixed with Mag-Bind beads at vol/vol ratio of 1:1 to isolate sRNAs (i.e. <200 nt). The
purified sRNA was assessed by an Agilent 2100 Bioanalyzer, and the results were visualized in both gel images (a) and electropherograms (b). (B) Average
Cq values of the 14 tested miRNAs in total RNA versus purified sRNA samples for RT reactions using MsHP or UHP4. T-MsHP and T-UHP4 indicate
the RT products of the total RNA sample prepared with MsHP and UHP4 primers, respectively. P-MsHP and P-UHP4 indicate the RT products of the
purified sRNA sample prepared with MsHP and UHP4 primers, respectively. (C) The box and whisker plot, linear regression and correlation coefficient
analysis of miRNA detection in total RNA versus purified sRNA. Linear regression and correlation of the average Cq value correlations between total
RNA and purified sRNA samples using MsHP (b) or UHP4 (c) were also analyzed.

Lastly, we analyzed the detection efficiency and speci-
ficity of the OUHP system using the exemplary isomiR
LET7 miRNA family (Supplementary Figure S5A, panels
a and b). We first demonstrated that the OUHP primers
effectively detected the expression of all eight members of
the LET family with similar efficiency, compared with those
of respective LET7-specific hairpin primers and the pooled
LET7 family-specific hairpin primers (Supplementary Fig-

ure S5B). Using the synthetic mature LET7d and LET7i,
we showed that the OUHP primers detected a broad dy-
namic range of the mature LET7d and LET7i (Supplemen-
tary Figure S5C, panels a and b). Furthermore, when the
synthetic mature LET7e, LET7g and LET7i were subjected
to OUHP RT reaction, followed by qPCR analysis with
LET7-specific forward primers, we found that the Cq val-
ues were significantly lower in the synthetic LET7-specific
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Figure 5. Characterization and identification of the OUHP cocktail mixtures as potential MsHP surrogates. (A) Compositions of the 15 UHP mixtures
of UHP2, UHP4 and UHP6 at various molar percentages, and the UHP4 as a reference control (a). The Cq values of the analyzed 14 miRNAs with the
15 UHP mixtures, along with MsHP (T) and UHP4 (N4) RT products using total RNA from HEK-293 cells (b). (B) Heatmap analysis of the Cq values of
the analyzed 14 miRNAs with the 15 UHP mixtures, along with MsHP (T) and UHP4 groups. The heatmap was generated by using the complete linkage
clustering method with Spearman rank correlation as the distance measurement method. The MsHP (T) group is boxed, while Mix3 and UHP4 groups are
highlighted. (C) Heatmap analysis of the �Cq values of the analyzed 14 miRNAs with the 15 UHP mixtures, along with the UHP4 group. The heatmap
was generated by using the complete linkage clustering method with Spearman rank correlation as the distance measurement method. The UHP4 group
is highlighted. The �Cq value was calculated as follows: �Cq = Cq (MsHP) – Cq (UHP mix).

forward primer group than those of other LET7 forward
primer groups (Supplementary Figure S5D, panels a–c).
Furthermore, the relative expression calculated for possible
‘cross-reactivity’ from other LET7 family member forward
primers was <0.1% of the respective ‘perfect match’ coun-
terpart in most cases (Supplementary Figure S5D, panel
d). Collectively, these results demonstrate that the OUHP
primer system can provide significant detection specificity
for even closely related miRNA family members.

DISCUSSION

The increasing recognition of miRNAs’ biological func-
tions in regulating many aspects of cellular processes man-

dates readily available technologies to quantify miRNA ex-
pression. These detection systems should be reliable, sensi-
tive, easy to use and cost-effective. For the past two decades,
numerous techniques have been developed to assess miRNA
expression levels (9–12). The conventional NB technique
was first used for the initial discovery of miRNA lin-4 in
1993 (1), and remains the only technique that allows for
the quantitative visualization of miR (9). The NB tech-
nique was later modified by labeling DNA probes with
3′-digoxigenin hapten to avoid the use of radioisotopes,
and/or by using locked nucleic acid in nucleic acid probes
to improve sensitivity and match specificity (9). However,
compared with other detection methods, NB suffers from
low sensitivity, time-consuming, low throughput and large



e22 Nucleic Acids Research, 2022, Vol. 50, No. 4 PAGE 10 OF 12

RNA quantity requirement. Similar to NB, miRNA mi-
croarray analysis relies on the sensitive, specific hybridiza-
tion of the target miR to its complementary DNA probe,
which is spatially organized on a solid phase or gene chip,
and visualized with fluorescence or imaging instrumenta-
tion. Microarray analysis of miRNA expression represents
one of the earliest techniques capable of high-throughput
and massive parallel analysis of numerous miRNAs in one
sample at the same time. The drawbacks of the microar-
ray method include relatively higher cost, limited dynamic
range of detection, semiquantitative nature of detection,
secondary validation requirement and limited specificity on
closely related miRNA sequences.

In recent years, NGS has become a viable technique
to quantify miRNA expression (9–12,29). Other emerging
detection techniques include various biosensor techniques
involved in electrochemical-based detection, optical-based
detection and nanotube-based methodology, and nucleic
acid amplification techniques such as RCA, DSN-based
amplification, LAMP, EXPAR and SDA (9–12). Each of
these detection techniques has its unique advantages, as well
as inherent shortcomings, including long processing time,
laborious procedures, low throughput, large sample size re-
quirements, false positivity, lack of sensitivity and/or costly
instrument requirements.

Given the advantages in detection sensitivity, high
throughput potential and technical ease, RT-qPCR analysis
is the most popular method to detect and quantify miRNA
expression (9–12,30). The first use of a qPCR-based method
for miRNA quantification was described in 2004, in which
two forward primers and one reverse primer were used to
detect the expression of pri- and pre-miRNA levels (31).
However, the qPCR-based detection approach has to over-
come at least two technical challenges: the short length of
mature miRNAs (∼22 nt) and high similarity of multiple
members of miRNA families.

Numerous efforts have been devoted to increasing
miRNA length at the RT stage, primarily focusing on
two approaches: poly(A) tailing and the use of stem–
loop/hairpin adaptors/primers (9–12,30). The former ap-
proach involves the use of poly(A) polymerase-mediated
polyadenylation, a poly(T) adapter and an miRNA-specific
forward primer (15). A variation of the poly(A) tailing ap-
proach was to use T4 RNA ligase to uniformly extend miR-
NAs’ 3′-ends by adding a linker adapter, which then served
as an ‘anchor’ to prime cDNA synthesis and throughout
qPCR to amplify specifically target amplicons (32). The use
of stem–loop or hairpin primers for miRNA RT reactions
followed by TaqMan PCR analysis was also introduced
in 2005 (14), although several modifications, including the
use of universal TaqMan probe and longer stem–loop RT
primers, were reported (33,34). A recently reported stem–
loop variation called dumbbell PCR method took advan-
tage of the T4 RNA ligase 2-mediated ligation of either 5′-
or 3′-end stem–loop adapter to target miRNAs (35). While
most of these RT-qPCR-based methods provide high sensi-
tivity and specificity for miRNA quantification, these sys-
tems require the use of MsHPs, which is not cost-effective,
time-consuming and/or has low throughput.

In this study, we sought to develop a UHP system that
would overcome the necessity of using miRNA-specific

primers for RT reactions, not only being cost-effective but
also rendering the system with high throughput potential.
By analyzing a panel of four hairpin primers with two to
six degenerate nucleotides at their 3′-ends, we demonstrated
that the degenerate tetramer hairpin primer (i.e. UHP4)
yielded RT-qPCR quantification results closely mimick-
ing those of MsHPs for the 14 tested miRNAs although
the UHP4-based RT-qPCR analysis still overestimated
miRNA expression. Meanwhile, we found that, based on
the Cq values for the 14 tested miRNAs, the degenerate
dimer hairpin primer (i.e. UHP2) tended to underestimate
miRNA expression, whereas the degenerate hexamer hair-
pin primer (i.e. UHP6) overestimated miRNA expression.
These features of the degenerate UHPs indicated that it was
possible to develop an optimal mixture of the degenerate
dimer, tetramer and hexamer UHPs as a reliable surrogate
of MsHPs for miRNA quantification. By analyzing a panel
of 15 cocktail mixtures of UHP2, UHP4 and/or UHP6, we
identified the optimal UHP mix (also known as OUHP) of
UHP2:UHP4:UHP6 = 8:1:1 mole ratio, which best recapit-
ulated the MsHP pool in miRNA quantification. Interest-
ingly, a degenerate octamer ‘universal stem–loop primer’ at
the 3′-end of the conventional stem–loop primer was used
for reverse transcription and to ensue miRNA quantifica-
tion (36). However, the octamer RT primer was mostly val-
idated on a synthetic miR-155, and the sensitivity of the
octamer stem–loop primer system was shown to be signif-
icantly lower than that of MsHPs (36). Thus, unlike our
extensively validated OUHP system, it is unclear whether
the degenerate octamer stem–loop primer may be useful for
general miRNA quantification.

It is also noteworthy that our study demonstrated that
the degenerate hexamer hairpin primer-initiated RT-qPCR
analysis may overestimate the true expression levels of
coding and noncoding transcripts. While in this study we
only carried out SBYR Green-based qPCR analysis, the
OUHP system should be readily adapted for other forms of
qPCR detection chemistry, such as TaqMan, cycling probe
technology, molecular beacons and minor groove binding
probes. Moreover, it is conceivable that with certain modi-
fications of the hairpin sequence and detection chemistry,
the OUHP system can be upgraded to implement multi-
plex analysis of miRNA expression. Nonetheless, while the
OUHP RT-qPCR system has great promise in streamlining
miRNA quantification with high throughput potential, this
system has some inherent limitations. First, the base-pairing
feature of the degenerate nucleotides at the 3′-end of OUHP
prevents it from discriminating isomiRs, miRNAs with sim-
ilar seed sequences. Second, the reported validation studies
mostly focused on mature miRNAs, so it is yet to be vali-
dated whether the OUHP system can be used to determine
pre-miRNA and/or pri-miRNA expression levels.

In summary, we comprehensively analyzed a panel of
four UHPs with two, three, four and six degenerate nu-
cleotides at their 3′-ends (namely UHP2, UHP3, UHP4
and UHP6), and demonstrated that the degenerate tetramer
hairpin primer (i.e. UHP4), while still overestimating,
closely mimicked MsHPs in RT-qPCR-based quantifica-
tion of miRNA expression. Interestingly, our results suggest
that the hairpin-containing degenerate hexamer-initiated
RT-qPCR analysis may overestimate the expression levels
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of coding and noncoding transcripts. Further fine adjust-
ments identified an OUHP with the molar composition for-
mulation of UHP2:UHP4:UHP6 = 8:1:1. Collectively, our
results demonstrate that the OUHP system can serve as a
best surrogate of MsHPs for RT-qPCR-based quantifica-
tion of miRNA expression in a cost-effective and/or high-
throughput fashion, which should be a valuable resource for
basic research and precision medicine.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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