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Abstract

Recent studies have indicated that circulating noncoding RNAs (ncRNAS) such as miRNAs are
stable biomarkers for the diagnosis and prognosis of human diseases. However, due to low
concentrations of circulating ncRNAs in blood, data normalization in plasma/serum ncRNA
experiments using next-generation sequencing and quantitative real time RT-gPCR is a challenge.
We found that the current normalization methods based on synthetic external spiked-in controls or
published endogenous miRNA controls are inappropriate as they are not stably expressed and
therefore fail to reliably detect differentially expressed ncRNAs. Using the alternative of individual
ncRNAs as biomarkers, we considered a ratio-based normalization method calculated taking the
ratio of any two ncRNAs in the same sample and used the resulting ratios as biomarkers. We
mathematically verified the method to be independent of spiked-in and internal controls, and more
robust than existing reference control based normalization methods to identify differentially
expressed ncRNAS as potential biomarkers for human diseases. Thus, the ratio-based method can
solve the difficult normalization problem for circuiting ncRNA data to identify reliable biomarkers
to meet real clinical practice.

Graphical Abstract

MicroRNAs (miRNAs) are endogenous, small noncoding RNAs (ncRNAs), usually 18-25
nucleotides long. They have been found to play crucial roles in post-transcriptional
regulation of mMRNA.1 MiRNAs play a pivotal role in cell differentiation, proliferation, and
apoptosis, and are implicated in many types of disease including cancer,? diabetes,3 and
cardiovascular® and neural® diseases. Besides miRNAs, many other small ncRNAs including
small-nucleolar RNAs (snoR-NAs), Piwi-interacting RNAs (piRNAs), and tRNAs are
important in regulating gene expression at many levels, such as chromatin architecture,
transcription, mMRNA stability and translation, and are known to be perturbed in cancer and
other diseases. For instance, sSnoRNAs comprise a highly abundant group of small ncRNAs,
and a limited number of snoRNAs have been reported to have ncRNA-like functions in gene
splicing and silencing.%7 Recent studies have demonstrated that three snoRNAs displayed
altered expression in nonsmall cell lung cancer (NSCLC) patients, and SNORA42 may act
as an oncogene in lung tumorigenesis.®

In recent years, a series of studies have shown that miRNASs can also be detected in bodily
fluids such as serum,” plasma,® saliva,® milk,10 sputum,1! and urine.12 Circulating miRNAs
have been detected packaged in exosomes!3 or microvesicles (MVs),4 or bound to specific
proteins such as Ago-2.15 Once in the extracellular space, miRNAs could be taken up by
other cells (cell-to-cell communication), degenerated by RNases, or excreted.16 Even though
the mechanism of secretion and incorporation of miRNAs has not been fully understood,
circulating miRNAs may be involved in physiological and pathological events.1’
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These findings opened a door for circulating ncRNAs as noninvasive biomarkers for
diagnostics and prognostics of different kinds of diseases.2:315.17 Due to high sensitivity,
specificity, and low template requirements, the most common method used for measuring
circulating miRNAs is reverse transcription quantitative PCR (RT-gPCR).2 However, due to
very low concentrations of circulating RNAs in the body fluids, accurately measuring
circulating miRNA expression is a great challenge. Moreover, similar to gene expression
analysis, final RT-gPCR results for circulating miRNA are affected by factors of systematic
bias such as variations in the amount of starting material, sample collection, RNA isolation,
reverse transcription, and PCR amplification. So, normalization reference control molecules
are used to normalize circulating miRNA PCR data to minimize biases and fairly evaluate
circulating miRNA expression. Current reference control molecules include external and
internal endogenous controls. Many researchers choose to use spike-in synthetic RNA
sequence (like C. elegans miR-39 and miR-54, or plant miRNAs) as extremal reference
controls for normalization of circulating miRNA gPCR analysis.® A variety of internal
controls have been used. For instance, one of the snoRNAs, such as RNU6B was initially
utilized to normalize circulating miRNA data,1® but was later found to be deregulated
according to particular diseases and tumor prognosis.2% Many studies considered a reference
miRNA, like miR-16, that was shown to have variation in plasma samples of cancer patients.
21 Due to the lack of consensus normalization methods, data consistency and reproducibility
across different studies are often not comparable. Therefore, there is an urgent need to find
the best normalization method for the circulating miRNA data.

In this study, we proposed a ratio based normalization method for circulating ncRNA data.
We first calculated the ratio of any two ncRNAs in the same sample, and then compared the
ratio expression levels between different groups rather than comparing the level of a single
ncRNA. Since the two ncRNAs are simultaneously measured in the same sample under the
same conditions, the relative expression level in ratio of the two ncRNAs will reflect the true
value for comparison by canceling biases.

Using ratio as biomarkers has been applied to some diseases. For instance, the AB42/AB40
ratio has been a promising biomarker for Alzheimer’s disease (AD), and the Apo B/A1 ratio
is a much better biochemical indicator for people with obesity. Using the miRNA ratios as a
tool for miRNA, RT-qPCR data have been also reported in cancer biomarker papers.22
However, there is no specific method paper to recommend a ratio based normalization
method as a good way to normalize circulating ncRNA sequencing and RT-qPCR data. At
present, almost 99% of publications involved in circulating ncRNAs (miRNAS) are still
using external or internal reference control molecules for normalizing circulating PCR data.
Some papers are still desperately searching for better reference controls for normalizing
circulating miRNA data.23 It is necessary to have a specialized method article to introduce
the advantage of the ratio method.

In the study, we have first mathematically proven that the ratio method is logically correct
and independent of any external or internal reference control molecules, and is superior to
any currently available external or internal control based normalization methods. This ratio
strategy may provide a practical approach in clinical application of circulating ncRNA bio-
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markers for human diseases. Here, we also presented some initial results for early detection
of lung cancer according to the ratio based method.

MATERIALS AND METHODS

Patient Cohorts.

We selected 130 subjects in our Lung Cancer Biorepository at Rush University Medical
Center (Chicago, IL) from 2004 to 2010 for the method study. The subjects included 50
patients with early staged (stage I, I) lung adenocarcinoma, 15 squamous cell lung cancer
(SCC), 35 benign cases, and 29 normal individuals for this study. Demographic information
for these patients and controls is listed in Table S1 of the Supporting Information (SI).

Plasma Samples Collection, RNA Isolation, and Illumina Next Generation Sequencing.

All plasma samples were collected using EDTA-anticoagulative tubes and centrifuged for at
4000 x gfor 10 min, followed by a 15 min high-speed centrifugation at 12 000 x gto
completely remove cell debris. The supernatant plasma was stored at —80 °C until analysis.
All samples were collected at the first diagnosis. In this study, RNA isolation as described
previously? and an Illumina next generation sequencing in plasma samples as described
previously?# are provided in the Sl.

Reverse Transcription and Real-Time PCR.

NCcRNAs were measured using Tagman miRNA assay kits (Applied Biosystems, U.S.A.)
according to the manufacturer’s protocol. Briefly, about 30 ng enriched RNA was reverse
transcribed with a TagMan ncRNA Reverse Transcription Kit (Applied Biosystems, U.S.A.)
ina 15 4L reaction volume. Abundance levels of ncRNAs were quantified in triplicate by
RT-gPCR using human TagMan MicroRNA Assay Kits (Applied Biosystems, U.S.A.) on
Eppendorfiplex 4 system (Eppendorf North America, Hauppauge, NY). To bypass the
normalization issue, we use the same ratio strategy instead of normalizing to reduce the
experimental variations.

Statistical Analysis.

The ratio was calculated of any two ncRNAs in the same sample for both the sequencing
data and RT-qPCR data. For RT-qPCR data, if a CT value is larger than 40, then it was
changed to 40. Then abundance levels of ratio of two small ncRNA (ncRNA1/ncRNA?2)
were evaluated using comparative CT method (272CT), in which ACT = CT ncRNA1 - CT
ncRNAZ2 in the same sample. We used the unpaired T-Test in SPSS 20.0 software to compare
mean ncRNA ratios between adeno case, benign patient, and normal control groups after the
ncRNA concentrations of plasma, with the significant p-value level set at 0.05. Chi-Square
test in SPSS 20.0 software was used to compare the distribution of training and validation
stages with regard to gender, race, and tumor stage and #test to age. The significant p-value
level was set at 0.05 for all results. Support vector machine recursive feature election (SVM-
RFE)25 algorithm was used to select the best ncRNAs (SI).
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RESULTS

External Spiked-In C. elegans Cel-miR-54 Is Not a Reliable Control for Normalizing
Circulating Small RNA Sequencing.

In order to identify circulating small ncRNA markers for detection of lung cancer, we
performed whole genome level small ncRNA sequencing (SmRNA-seq) using pooled
samples based on human plasma samples to save cost and samples. We first conducted
smRNA-seq to identify plasma miRNAs and some other circulating sncRNAs in 7 pooled
samples. A total of 30 high-risk healthy individuals (healthy control), 30 individuals with
benign nodule lesions, 30 early stage adenocarcinoma lung cancer, and 15 squamous cell
lung cancer (SCC) samples were prospectively collected from Rush University Medical
Center. These samples were pooled using 15 individual control, benign, and cancer samples
of all age, sex, race, and smoking status matched. So, a total of 2 pooled samples were for
each control, benign, and adenocarcinoma lung cancer, and only 1 for SCC. The overall
experimental design is depicted in Figure S-1. About 500 z1 of equally mixed plasma in
each pooling sample were used for smRNA-seq This was done using the Illumina next
generation sequencing platform at City of Hope (CA). About 20 million reads per sample
were generated with about 90% of reads aligned to human genome.

Since C-elegans Cel-miR-5426 is not contained in the human body, it was used as an external
spiked-in control for the sequencing. An equal amount of Cel-miR54 was added into the
pooled samples before RNA extraction. So we expected to get equal read number of cel-
miR-54 in the entire pooled sample. However, the read number for cel-miR-54 was found to
be quite different across the 7 pooled samples (Figure 1). The highest number was 220 for
one adenocarcinoma lung cancer pooled sample while none for the SCC pooled sample.
These variations in data suggested that the external spiked-in control Cel-miR-54 is not a
reliable control for normalizing SmRNA-seq data, and thus we examined other candidates.

External Spiked-In C. elegans Cel-miR-54 Is Not a Reliable Control for Normalizing
Circulating Quantitative RT-PCR (RT-gPCR) Small ncRNA Data.

Next we tested if external C. elegans Cel-miR-54 is a good spike-in control for normalizing
circulating quantitative RT-PCR (RT-gPCR) small ncRNA data. We selected 129 samples
(29 healthy control, 50 adenocarcinoma lung cancer, 35 benign, and 15 SCC) to perform RT-
gPCR of Cel-miR-54. Equal amount of Cel-miR-54 was added into the same volume of
plasma (200 zL) before RNA was isolated in the individual samples. We found that the CT
values of published external control Cel-miR-54 were quite unstable; the CT values ranged
from about 16.76 to about 33.13 (Figure 2A). The highest and lowest CT values had
difference of 16.37, which is around 84695-fold difference from original data. Surprisingly,
we did not get approximately equal CT values across the samples even though the same
amount of Cel-miR-54 was added in all samples. These additional experiments further
supported the conclusion that external spiked-in Cel-miR-54 is not a consistent control for
normalizing circulating RT-gPCR of small ncRNA data either.
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Endogenous Controls Are Not Good for Normalizing Circulating Quantitative RT-PCR (RT-
gPCR) Small ncRNA Data.

After failing to use external spiked-in control such as Cel-miR-54 to normalize circulating
ncRNA RT-gPCR data, we sought whether we could use endogenous controls to normalize
circulating ncRNA RT-gPCR data. On the basis of published reports, we chose hsa-
miR-191,27 hsa-miRNAs, Let-7d, Let-7g, and Let-7i28 as our endogenous controls. On the
basis of the same volume of RNA (about 2 1) isolated from the equal volume (200 L) of
plasma samples which were the same as we used for external control cel-miR-54 (Figure 2),
we conducted RT-gPCR for the endogenous controls in the 129 samples. The CT values of
published internal controls including hsa-miR-191(Figure 2B) and averaged hsa-MiRNAs,
Let-7d, Let-7g, and Let-7i (Figure 2C) were also ranged quite differently and unstably
expressed. Thus, they may not be suitable as reference controls for normalizing circulating
NcRNA RT-gPCR data.

Ratio Based Normalization Method for Circulating ncRNA Profiling Data Is Independent of
Any Internal or External Normalization Controls.

Failure of external or internal controls (Figure 2) for normalizing circulating ncRNA
profiling data led to test a ratio-based normalization method. The method that calculates the
ratio of any two ncRNAs in the same sample, and then compares the ratio expression levels
between different groups rather than comparing the level of a single ncRNA was found to be
reliable. For illustration, if expression values of normal and cancer samples for miRNA1 are
4 and 8 (row 1, Table 1), and those for miRNAZ2 are 8 and 4 (row 2), then the fold changes
between normal and cancer will be 2 (upregulated) and -2 (downregulated), respectively.
Likewise, if expression values of normal and cancer internal control 1 (IC 1) be 2 and 4 (row
3) and internal control 2 (IC 2) be 4 and 2 (row 4), then the fold changes between normal
and cancer also will be 2 and -2, respectively. In such cases, if miRNAL is normalized by
IC1, the fold change is 1 (no change; row 5) while normalized by 1C2, the fold change is 4
(up-regulated in cancer; row 7). Likewise, if miRNAZ2 is normalized by IC1, the fold change
is —4 (down-regulated in cancer; row 6) while normalized by IC2, the fold change is 1 (no
change; row 8). However, in the ratio-based normalization method, the ratio of any two
miRNAs in the sample will not be changed by any internal controls used (rows 9-11). Thus,
the method is not only independent of any unreliable internal or external controls but also
cancels out systematic bias factors giving a reliable relative expression level in ratios.

Ratio Based Normalization Method Is Mathematically Correct.

Using miRNA as an example, our ultimate goal is to get the biologically true miRNA
expression value (MiRNAe). The observed miRNA expression value (MiRNAgpserved)
achieved from an experiment is not the true miRNA expression value due to the result of it
being impacted by different systematic factors. In the case of RT-gPCR, the systematic
factors could include RNA isolation (1), reverse transcription (R), PCR (P), different time
(7), and so on. Therefore, in a specific sample, say, sample 1 (S1), observed any miRNA (x)
expression value could be set as follows:

MIiRNA . oq () = MRNA () X Ig; X Rg; X Pg; X Tg W

true
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Similarly, we assume the systematic factors in the same sample for the miRNA()) is the
same; the observed miRNA expression value for it in the same S1 could also be set as
follows:

MiRNA e veq(y) = MIRNA (V) X [g) X Rg; X Pgy X T 3]

So, fromegs 1 and 2,

miRNA | () _ miRNA, (%)
mlRNAobserved(y ) mlRNAtrue(y )

®

From eq 3, we see that the ratio of observed two miRNAs in the same sample will equal to
the true ratio value of the two true miRNAs. Thus, mathematically, the ratio value of two
observed miRNAs in the same sample can reflect the true biological value of the two
miRNAs that we want to measure.

CT values of RT-gPCR are logarithmic with base 2. So, we can derive the log ratio values of
two miRNAs equal to the difference of two CT values of the two miRNAs (eq 4). The
difference of CT values thus makes the calculation much easier and more convenient for
clinically practice use based on RT-gPCR data.

—CT .
| (miRNAObserved(x)) 1 miRNA o rved™®
02| — = log,[ =
2 mlRNAobserved(y ) 2 ) CTmiRNAobserved(y )
4
observed(x)

CT . ~CT_.
_ ( miRNA )~ “TmiRNA
=log,

= CTirNA CT\irNA

observed(y ) observed(x)

Mathematically the Ratio Based Normalization Method Is Better than Internal or External
Control Normalization Method.

Even though we have mathematically shown the ratio based normalization method is
logically correct, it is only possible under the assumption of systematic factors are same for
different miRNAs in the same sample. In theory, it is right because those two miRNAs are in
the same samples and should impacted by the same systematic factors. Moreover, the
reference such as an internal control (IC) based normalization method does the same. Let us
mathematically look at the true expression value of miRNA(X) in sample S1.

We know, observed expression of miRNA(X) and the internal control for S1 can be obtained
as follows:

miRNAS! = miRNAS! (x) X factorS! (5)

observed(x) true
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IcS! () =1C3! (x)x factor !

true

where, FactorSl = /gy x Rgy x Pgy x Tgg
From egs 5 and 6,

: S1 S1
mi RNAobserved(x) _ ICobserved(x)

. S1 - S1
miRNA[ (%) ICL ™)
miRNAS!L (%)
. S1 observed S1
miRNAT (x) = oS XIC
observed(x)

Similarly for the true expression value of the same miRNA(X) in sample S2, see the

following:
miRNASZ  (x) = miRNAPZ,
S2 S2
ICobserved(x) = ICtrue

where factorS2 = fgp x Rgy x Py x Tgp

From egs 8 and 9,

: S2 S2
mlRNAobserved(x) _ ICobserved(x)

. S2 - S2
miRNAS? (x) 1C32 (%)

true

. S2
mlRNAobserved(x)

. S2
miRNA T (x)=

S2
ICobsered(x)

true

() = ICh (%)

Then (eq 7) can be considered as follows:

(x) X factorS?

x1C32

true

. S1
mlRNAobserved(x)

. S1
miRNA} (%) =

Equation 10 can be considered as follows:

S1
ICobserved(x)
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. S2
mlRNAobserved(X )

miRNAS? (x) =
true S2
ICObSGI‘VCd (x )

(13)

The common external or internal control based normalization method (egs 12 and 13), that
we are currently using is based on two assumptions. First, it assumes that the measured
miRNA and the internal control in the same sample are influenced by the same systematic
factors (egs 5, 6, 8, and 9); second, it also assumes that the true internal control values across
different samples are the same (eq 11). However, it is hard to know whether the second
assumption is true or not. The ratio-based method only assumes different miRNAs in the
same sample share the same systematic factors; therefore, we mathematically showed that
the ratio based method is better than reference control based normalization methods.

Normalization Method Can Find More Significantly Differentially ncRNA

Candidate Markers between Disease Groups.

Ratio Based

Originally, we proposed the ratio based normalization method on circulating RT-gPCR data.
Yet, the external spiked-in control failed to work for normalizing sequencing data. For
example, given miRNA with at least 20 reads for an miRNA, we found 631 mature miRNAs
(union) in the sequenced samples. Next, we calculated the ratio of any two miRNAs in a
sample and could get 198 765 ratios (Figure 3), which will substantially increase our
candidate miRNAs to find different expressed paired ratio markers between disease groups.
To provide a list of differentially expressed miRNA ratios, we further did differential
expression analysis with comparison between cancer vs control, cancer vs benign, and
benign vs control of the pooled samples. On the basis of fold change =2 and p-value <0.05,
we found a large number of significantly altered mature miRNA ratios (mMiRNA/MiRNA)
including 30 989 ratios between normal and cancer, 12 701 ratios between normal and
benign, and 7044 ratios between benign and cancer. These significantly changed ratio
numbers were much higher than the measurements of single miRNAs between the 3 groups
based on global median normalization for single miRNA data (Figure 3).

ncRNA Biomarkers Separates Healthy Control from Lung Adenocarcinoma.

To test how these ratio based candidate ncRNAs distinguished lung cancer from noncancer
samples, initially we chose about 20 paired significantly ncRNA ratios in the comparison of
control vs cancer from sequencing data to conduct RT-gPCR in two stages, adenocarcinoma
samples at early stages with age, race, sex, and smoking status matched. The training stage
included 50 patients with early stage lung cancer, and 29 high-risk individuals without lung
disease (controls) from Rush University Medical Center, and the validation stage included
44 patients with early stage lung cancer, and 51 controls from the Lung Cancer Biospecimen
Resource Network at the University of Virginia. We found that a panel of seven small
ncRNA pair ratios could differentiate patients with lung cancer from high-risk controls with
an area under the curve (AUC) of 100.0%, a sensitivity of 100.0%, and a specificity of
100.0% at the training stage and an AUC of 90.2%, a sensitivity of 91.5%, and a specificity
of 80.4% at the validation stage. The results have been published.?®
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DISCUSSION

Data normalization in plasma/serum ncRNA experiments using RT-gPCR is a challenge. In
miRNA, due to the yields of total RNA from small-volume plasma or serum samples (i.e.,
100 or 200 1) are often below the limit of accurate quantification by spectrophotometry,
and bias in sample collection, storage and processing affects the accuracy and reliability of
the quantitative analysis of circulating miRNA. The inclusion of an external or endogenous
reference control molecule is recommended to adjust technical variations in the RNA
recovery procedure by the current experiments. Many researchers chose to spiked-in
synthetic RNA sequence (like C. elegans miR-39 and miR-54, or plant miRNAS) into the
sample for normalization of circulating miRNA gPCR analysis. In our study, we chose C.
elegans Cel-miR-54 as an external control, and found it was not a reliable control in both
sequencing and RT-gPCR data. This could be due to the synthetic miRNAs added directly to
plasma degrades rapidly and are less stable than endogenous miRNAs when added to
plasma.30:31 No matter what makes the external spiked-in controls not stable, even a stable
spiked-in controls cannot correct sample variability. Some study has found that the
exogenous C. elegans miRNAs, including cel-miR-39, cel-miR-54, and cel-miR-238, could
not improve assay precision.32 Therefore, spiked-in controls based normalization for
circulating ncRNAs is not an ideal method.

Some researchers have made efforts to seek the suitable endogenous control miRNAs
(ECM); however, no such suitable ECMs have been established for blood miRNA
quantification.33 For example, miR-16 is frequently used as a control,34 but elevated levels
of miR-16 in serum correlate with bone metastasis in patients with breast cancer3® and it
was reported that endogenous miR-16 was a poor normalizing factor.32 Since Chen X et al.
28 reported that let-7d/g/i is a good endogenous control for normalizing circulating miRNA
data, we tested using let-7d/g/i in the experiment. We found that they were not stably
expressed across our samples. Chen’s samples were only derived from a Chinese population
although lung cancer patients were included, which could be a reason why we did not get the
similar results. The widely used endogenous control hsa-MiR-19127 did not work as a good
control in our experiment either. We could endlessly test more endogenous controls such as
U6,36 RNU44,37 RNU48,38 miR-16,39 miR-103,27 and miR-23a%° that have been commonly
utilized nowadays. However, Chen’s paper has already found that these controls performed
even worse than let-7d/g/i. As we know, ideal endogenous reference control should at least
meet the criteria that they are stably expressed across all samples and experimental
conditions. It is very hard to prove which candidate endogenous molecule meets the criteria.

Since there are no current consensus normalization external or endogenous factors for
normalizing circulating ncRNAs (such as miRNAS), we propose a normalization method by
analyzing circulating ncRNA values looking at the reciprocal ratios of ncRNAs in the same
sample. We first calculated the ratio of any two ncRNAs in the same sample, then compared
the ratio expression levels between different groups rather than compare the level of a single
ncRNA. Since the two ncRNAs are simultaneously measured in the same sample under the
same conditions such as collection, storage, and isolation, and PCR, or sequencing
processing, the relative expression level in ratio of the two ncRNAs will reflect the true
value for comparison. We found the ratio based method which is totally independent of any
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internal of external controls (Table 1). Therefore, on the basis of the method, we do not need
to worry about which external or internal control molecules need to be selected and also they
are hard to be confirmed as true reference controls.

We have first mathematically proven the ratio based normalization method is logically
correct to reflect the true biological value of the two ncRNAs (such as miRNA) that we want
to measure. Our mathematical proving demonstrates no need for any additional experiment
to validate that the ratio based normalization is correct. The ratio based normalization
method is better than any methods based on internal or external control normalization
factors. We found that internal or external control normalization based method needs two
assumptions. First, it assumes that the measured miRNA and the internal control in the same
sample are influenced by the same systematic factors; second, it assumes that the true
internal control values across different samples are the same. However, the ratio based
method only assumes different miRNAs in the same sample share the same systematic
factors, and it is hard to know whether the second assumption is true or not makes the ratio
based method is superior than reference control based normalization method. The
mathematical demonstration should be more convincing than any additional experimental
data to show the ratio method is better than reference control based methods because
mathematical validity is the extent to which a concept, conclusion or measurement is well-
founded and corresponds accurately to the real world.

We have also compared the ratio based method with the global mean normalization method
for miRNA data that were used in the microRNA quality control (miRQC) study (SI). We
found the ratio method is better than the global mean normalization method. This is easy to
understand because the global mean value will always change when the measured number of
miRNA changes for any platforms. Therefore, for a given miRNA in any platforms, the
normalized value for the same miRNA in the same sample will always be changed when the
measured number of miRNAs changes as mean value differs in each set. However, no matter
how many miRNAS are measured, the ratio for any two same miRNAs in the same sample
will not be changed, which is certainly true for any platforms.

We are the first to apply the ratio based method to whole genomic level small ncRNA
sequencing data. We found that a ratio based normalization method can find more
differentially expressed ncRNA candidate markers between disease groups. It is also
logically easy to understand, for example, given the ratio miRNA1/miRNAZ2 in the healthy
normal and cancer groups, whether miRNAL is upregulated or downregulated in cancer vs
normal with respect to miRNA2. The fold change miRNA1/miRNA2 between cancer and
normal should be larger than that of mMiRNA1 or miRNAZ2 alone. So the ratio based method
will increase our chance to find clinically useful biomarkers when we may not be able to
find significantly changed single markers.

Initially we have found that a panel of circulating 7 paired ncRNA ratios could separate lung
adenocarcinoma from normal healthy control with 100% prediction accuracy in the training
stage, also were successfully validated in an independent cohort. We not only tested
miRNAs but also measured other types of ncRNAs such as snoRNAs and tRNAs.
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The ratio based method is superior to any other reference controls such as external or
internal control or global mean-based methods for normalizing circulating ncRNA data in
terms of biomarker identification. This method is not only applicable to circulating ncRNA
data, but also can be used for any types of molecules such as mMRNAs, DNAs, proteins, and
metabolites at any types of tissues across different organisms. Moreover, this method can be
applied in any disease biomarker prediction including diabetes, cardiovascular, neural
diseases, and so on.
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Figure 1.
Read number of spiked-in external control Cel-miR-54. There are a total of 7 pooling

plasma samples that were used for small-RNA sequencing. An equal amount of synthesized
C. elegans external of Cel-miR-54 was added into the pooling samples before RNA isolating
and sequencing. Each pool contained 15 mixed samples. LC represents normal healthy
control (2 pooling samples), BE represents Benign (2 pooling samples), AD represents lung
adenocarcinoma (2 pooling samples), and SC represents squamous cell lung cancer (1
pooling sample).
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Figure 2.

- p

Samples

RT-gPCR CT values of external and internal reference controls in cancer and noncancer
samples. CT values were sorted based on the number of a total of 129 samples including
lung cancer, benign and normal healthy control plasma samples. (a) CT values of external C.
elegans Cel-miR-54 across 129 samples. (b) CT values of endogenous reference control hsa-
miR-191 across 129 samples. (c) CT values of endogenous reference control of averaged

hsa-Let-miR-let 7d,g,i across 129 samples.
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Differentiated miRNA numbers among 3 groups. X-axis represents the total measurable
features (either miRNA of miRNA ratios), the differentiated number of normal healthy
control vs lung adenocarcinoma, normal healthy control vs benign, and benign vs lung
adenocarcinoma. An unpaired ¢test was used to identify differentiated miRNA or miRNA
ratios. Pvalue <0.05 and fold change cut off was 2.0. Ratio was calculated between any two
mMiRNASs in the same sample.
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