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Abstract

Background: Circulatory micro RNAs (miRNA) have been discussed as complementary diagnostic
markers in cardiovascular diseases, and in anti-doping testing. MiR-144 and miR-486 have been
associated with cholesterol homeostasis and hematopoiesis, respectively. In addition, they have been
suggested as putative biomarkers for autologous blood transfusion and erythropoietin (EPO) doping.
The aim of the present study was to assess the variability of miR-144-3p/5p, miR-486-5p/3p and EPO
during the menstrual cycle. Secondary aim was to study the correlations between miRNAs, EPO and
hematological parameters and lipids.

Methods: 13 healthy women with regular menses were followed with weekly blood sampling during
two whole menstrual cycles. MiRNAs were analyzed using TagMan and PCR followed by calculation
of the relative expression for each miRNA using ddCT approach.

Results: There was no menstrual cycle variability in miRNAs and EPO. MiRNA-144-3p was
associated with HDL-C (rs=-0.34, p=0.036) and miRNA-486-5p with Hb (rs=0.32, p=0.046). EPO
concentrations correlated to lymphocytes (rs=-0.062, p=0.0002),, Hb (rs= -0.42, p=0.0091), HDL-C
(rs=0.36, p=0.030) and triglycerides (rs=-0.54, p=0.0006).

Conclusions: The results of this study may increase the understanding of how miR486-5p and

miR144-3p as well as EPO correlate to hematopoietic and lipid biomarkers.
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1. Introduction

Micro RNAs (miRNAS) are short (-22 nucleotides) non-coding RNAs that post-transcriptionally
regulate gene expression through binding and silencing of complementary messenger RNAs (MRNA).
miRNAs are relatively stable and can be reliably quantified in extracellular body fluids e.g. serum or
plasma [1]. The miRNAs may be present in two isoforms, the 3’ and the 5’ strand, and usually one of
the strands is the referentially active [2]. In the circulation, the miRNAS are protected from
ribonucleases by being encapsuled in exosomes [3], micro-vesicles [4] or lipoproteins [5]. The levels
of mMiRNAs may be dependent on ethnicity and age [6, 7]. Also, as gender differences exist, it has been

suggested that some miRNASs are hormonally regulated [8, 9].

Different miRNAs have been identified as diagnostic markers for cardiovascular diseases/disorders
such as acute myocardial infarction (AMI) [10], atherosclerosis [11] [12], and dyslipidemia [13].
MiRNA-144 is found in the circulation and it has been associated with cholesterol homeostasis [12].
Studies suggest that miRNA-144 regulate the cholesterol metabolism via adenosine triphosphate-
binding cassette transporter AL (ABCAL) suppression [12, 14]. Higher plasma levels of miR-144-3p
have been associated with the presence, as well as severity of cardiovascular disease (CVD), and
proposed as predictors of AMI [15] [16]. Another putative cardiovascular miRNA biomarker includes
miR486-5p, where circulatory levels have been associated with hematopoiesis [17] and AMI [18]. In
contrast to miR144-3p, that is predominantly found in plasma, miR486-5 is also highly expressed in
red blood cells [1, 19] .

MiR-144-5p has been reported to be up-regulated after erythropoietin EPO administration [20]
whereas miR-144-3p, miR-486-5p and miR-486-3p increased after autologous blood transfusion
(ABT) [21]. To increase the sensitivity and detection window for blood doping i.e. misuse of
erythropoietin stimulating agents (ESA) and blood transfusions, it has been suggested that miRNAs
could be included as complementary biomarkers in Athlete Biological Passport (ABP) [22]. However,
the intra-and interindividual variability of miR-144 and miR-486, has not been investigated in fertile

women.

Recently, it has been suggested that mutations in hematopoietic stem cells in the bone marrow, a
condition known as clonal hematopoiesis of indeterminate potential (CHIP), contribute to the process
of atherosclerosis and CVD [23]. Also, an association between EPO and the size of aortic abdominal
aneurysms, was found in humans [24]. Interestingly, the expression of the EPO receptor was
upregulated when another miRNA associated to CVD, miR-135b was downregulated. This was found

to increase the stability of the atherosclerotic plaque in mice [25]. Subsequently, the link between EPO
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and biomarkers of atherosclerosis warrants further investigation.

To our knowledge, there are no studies where miR-486, miR-144 and EPO have been measured
longitudinally in healthy, regularly menstruating subjects. This prompted us to perform a pilot study in
female volunteers with the primary aim to assess the variability of miR-144-3p/5p, miR-486-5p/3p and
EPO, during the menstrual cycle phases. The secondary aim was to study the correlations between

circulatory levels of miRNAs, EPO and hematological parameters and lipids.
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2. Material and methods

2.1 Study population

This is a sub-study of a single-center, observational study, including 17 healthy women with regular
menstrual cycles that were monitored for two cycles in a row, with blood samples taken once a week.
The study design and demographics of the participants have been previously described [26]. The
variability of hematological and lipid biomarkers during the menstrual cycle has also been described in
our cohort [27],[26], [28].Serum was immediately prepared (spinning 3500 g for 15 min) and stored at
--80 C prior to microRNA and EPO analyses. To identify the exact menstrual phase for each sample,
hormone concentrations of estradiol, progesterone, luteinizing hormone (LH) and follicular
stimulating hormone (FSH) were analyzed at Division of Clinical Chemistry using immunological
methods as previously described [28].

For the present study serum samples from 15 women were available, contributed with all together 34
samples. For analyses of EPO, six subjects had samples available from all three menstrual phases
(n=18), and seven subjects had samples from two phases (n=14) (three with luteal and ovulation, two
luteal and follicle and two with ovulation and follicle). Two subjects contributed with only one sample
each (one follicular and one luteal). The two subjects with only one serum sample available were
excluded, and two samples failed the micro-RNA preparation (absence of PCR signals of control

miRNAS) and thus, the total number of samples for miRNA analyses was 31.

2.2 Micro RNA analyses

Micro RNA was extracted from 200 uL serum samples using miRNeasy Serum/Plasma Advanced Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s manual. No visual signs of hemolysis
could be seen in the serum samples. The micro-RNA samples were subjected to cDNA conversion
using Thermo Fisher cDNA TagMan™ Advanced miRNA ¢cDNA Synthesis Kit and the cDNA were
diluted ten times according to protocol. The diluted cDNAs were used as templates in premade
TagMan assays targeting the miRNAs of interest, i.e., miR-144 (IDs 477913 _mir/477914 mir, Life
Technology) and miR-486 (assay ID 478128_mir/478422_mir) using TagMan™ Fast Advanced
Master Mix. The real-time polymerase chain reaction (PCR) was conducted on StepOne and the
relative expressions for each miRNA were calculated using the ddCT approach, with one sample as
calibrator [29]. For comparison of expression levels between the different miRNAs, one sample of
miR-486-5 was used as calibrator. MiR26b-5p (assay ID 478418-mir) and miR27b-3p (ID 478418-

mir) were used as control “house-keeping genes” as recommended by the provider. Finally, the
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relative expressions of the miRNAs were calculated using only miR-26b as a control as well as using
the mean cycle threshold (Ct) from both miR26b and miR27b. Ct-values >35 were considered as

undetectable.

2.3 EPO analyses

The EPO concentrations from 34 serum samples were determined using the Human Erythropoietin
ELISA Kit from Stemcell Technologies. Briefly, 50 puL of serum, analyzed in duplicate, Buffer A, and
biotinylated anti-EPO antibody, were added to microplate wells and incubated for 2 hours at room
temperature. The wells were washed, Streptavidin horseradish peroxidase conjugate added to each
well, and the plate incubated for 60 minutes on the laboratory bench. After washing the wells again,
tetramethylbenzidine substrate solution was added to each well, incubated for 15 minutes and stop
solution was added. The absorbance was measured at 450 nm using SpectraMax Plus 384 Microplate
Reader (Molecular Devices, LLC, San Jose, CA).

2.4 Lipid and hematological parameters

Cholesterol, TG, and HDL-C were analyzed by enzymatic assay followed by photometry as previously
described [26]. Low-density cholesterol (LDL-C )was calculated according to Friedewald, Levy and
Fredrickson [30]. Sysmex XN-1000 was used for the analyses of red blood cell (RBC) count,
reticulocytes % (RET %), lymphocytes and hemoglobin (Hb).

2.5 Statistical analyses

For miRNAs and EPO, D'Agostino & Pearson normality test was conducted to test for Gaussian
distribution of data and arithmetic means. None of the variables had Gaussian distribution. The inter-
individual differences were evaluated using Kruskal-Wallis test. For the intra-individual variability,
coefficient of variation (CV) was calculated. Levels of EPO and the relative expression of miR144 and
miR-486 during the three menstrual phases (luteal, ovulation, and follicle phase) were compared using
ANOVA test followed by Kruskal-Wallis multiple comparison test. Correlations between
miRNAS/EPO and hematological and lipid parameters were evaluated using Spearman rank test, A p-
value p<0.05 was considered statistically significant. Analyses were performed in GraphPad Prism
8.3.0.
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3 Results

3.1 Expression profile of miR144 and miR486

Both control miRNAs (miR26b and miR27b) were stable, and their Ct-values showed strong
correlations (rs=0.78, p <0.0001), as the Ct-values did not differ between the menstrual cycle phases
(data not shown) thus confirming the validity of the combined normalizing miRNA approach. There
were no differences in the relative serum miRNA concentrations of the miR486-5p (p=0.91), miR144-
3p (p=0.98), miR486-3p (p=0.34) and miR144-5p (p=0.26) between the three menstrual phases using
Kruskal-Wallis test (fig 1).
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Figure 1: Relative levels of a) miR-486-5p b) miR144-3p c) miR486-3p d) miR-144-5p in the follicle

(n=9), ovulation (n=11) and luteal phases (n=11) of the menstrual cycle in 13 healthy women.
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In addition, the same results were found performing the statistical analyses using only miR26b as

control, i.e., no differences between the menstrual phases were observed (data not shown).

There were strong correlations between miR-486-5p and miR-144-5p (rs=0.55. p=0.0005) and between
miR-144-3p and miR486-3p (rs=0.62, p<0.0001). The correlation between miR486-5p and miR144-3p
did not reach statistical significance (data not shown).

The relative expression of the different miRNAs shows, that miR486-5p and miR144-3p had a higher

presence in serum as compared to the complementary miRNAs (fig. 2).
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Figure 2: Relative expression of different miRNAs in the circulation in 13 women using a miR486-5p
sample as calibrator. Number of samples include for miR486-5p (n=41), miR144-3p (n=42), miR486-
3p (n=40), miR144-5 (n=31). **p<0.01, ***p<0.001, ****p<0.0001

The relative mean expression of miRNA-486-5p (mean 0.42) and miRNA144-3p (mean 0.53) were
100-fold and 10-fold higher than miRNA-486-3p (mean 0.005) and miR144-5p (mean 0.05),

respectively.
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The age of the participants correlated negatively with their mean expression of miR486-5p (rs=-0.70,
p=0.0091) (fig. 3), but not with the other miRNAs investigated (data not shown).
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Figure 3: Correlation analysis between age and mean relative expression of miR-486-5p of the 13

participants.

There were large inter-individual variations in the abundance of the circulatory miR486-5p and
miR144-3p, with 20-fold and 200-fold differences between the highest and lowest relative expression,
respectively. The intra-individual median coefficient of variations (CV%) were 54.8 % (range 8-82 %)
for miR486-5p and 45.7 % (range 3-120 %) for miR144-3p, respectively.

3.2 miR486-5p and miR144-3p correlation with hematological parameters and
lipids

The miR486-5p correlated to Hb (rs=0.32, p=0.046) and reached borderline significance with RBC
(rs=0.31, p=0.0549) and EPO (rs-0.31, p=0.0573) (fig.4).
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Figure 4:Correlation analyses between miR-144-3p and HLD-C, miR-486-5p and Erythropoietin
(EPO) and hemoglobin (Hb) respectively.

There were no correlations of significance between the other hematological and lipid parameters, table
1.

Furthermore, the miRNA144-3p showed a significant negative correlation with HDL-C (rs-0.34,
p=0.036) (fig.4) and no correlation with the other lipid biomarkers.

The correlation analyses were also conducted using only miR26b as a hormalization control and the
same results were found i.e., significant correlations between miR-486-5p and RBC, Hb and EPO and
between miR144-3p and HDL-C (data not shown).

Table 1. Correlations between hematological and lipid biomarkers and miRNAs levels in
31 samples collected through two menstrual cycles from 13 women.

mMiRNA-486-3p | miR-486-5p miR-144-3p miR-144-5p
RET%" rs=0.03 rs=0.21 rs=-0.05 rs=-0.0009
RBC® rs=-0.007 rs=0.31% rs=-0.14 rs=0.06
Hb® rs=0.14 rs=0.32* rs=-0.09 rs=0.06
EPO rs=0.2 rs=-0.31% rs=0.12 rs=0.08
HDL-C*™ rs=-0.06 rs=-0.07 rs=-0.34* rs=0.03
LDL-C™ rs=0.11 r=0.12 rs=0.12 rs=0.10
TG™ rs=0.22 rs=0.13 rs=-0.08 rs=-0.08

Spearman correlation coefficient (rs) presented. Significant data marked in bold text.
*p<0.05 #p=0.05. @ from Mullen et al o= in Bergstrom et al

RET%-=reticulocytes, RBC=red blood cells, Hb=hemoglobin, EPO=erythropoietin, HDL-
C=high density lipid cholesterol, LDL-C=low density lipid cholesterol, TG = triglycerides
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3.3 Serum EPO concentrations in relation to menstrual cycle phases,

hematological parameters and lipids

There was no significant difference in the EPO concentration (n=34) between the three menstrual

cycle phases (fig. 5).
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Figure 5: Variations in Erythropoietin (EPO) during the three menstrual phases of 15 healthy women.

The total number of samples were 34 (follicle n=12, ovulation n=13 and luteal phases n=9)
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There was significant inter-individual variability in EPO (p=0.0001) and the median (CV%) for intra-
individual variability was 60 % (range 13-93 %). Furthermore, there was a significant correlation
between EPO and lymphocytes (rs=-0.062, p=0.0002) (fig. 6 a). For EPO, negative correlations with
Hb (rs=-0.42, p=0.009) (fig. 6 b) and TG (rs=-0.54, p=0.0006) (fig. 6 c) were found. Finally, a positive
correlation was found between EPO and HDL (rs- 0.36, p=0.030) (fig. 6 d).
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Figure 6: Correlations between Erythropoietin (EPO) and a) lymphocytes b) hemoglobin (hb) ¢)
triglycerides (TG) and d) high-density cholesterol (HDL-C) during two menstrual cycles in 34 samples

from 15 healthy women.
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4. Discussion

4.1 Relative expression of miRNAs

The novelty of this study is, that for the first time miR144 and miR-486 have been longitudinally
sampled, in relation to the menstrual cycle, on an individual basis. The lack of a menstrual cycle
variability, is in agreement with a pooled analysis of circulatory miRNAs in nine women, including
miR-144-3p and miR-486-5p [31]. However, there are studies, where the miRNA expression in
endometrium have been associated with menstrual hormone fluctuation [8], but it is possible that
tissue specific alterations in miRNAs are not reflected in serum [32].

The expression profiles of miR144-3p and 486-5p did not correlate in our participants, as opposed to a
study by Wakabayashi et al, who discerned a weak correlation in serum from Japanese healthy men
[6]. This may be due to gender and/or ethnicity differences between the study populations, as well as
different methods applied. Both miR-144-3p and miR486-5p were found at considerably higher levels
than their sequence complementary isoforms. In addition to being less abundant, these complementary
miRNAs did not show any association to any of the biomarkers studied, implicating that their use as

diagnostic biomarkers in CVD may be questionable.

4.2 miRNAs, lipids and hematopoiesis

In the present study, miR144-3p was negatively correlated with HDL-C, supporting the hypothesis
that miR-144 is involved in the homeostasis of cholesterol. Some studies suggest that silencing of
miR-144 could be a novel approach to targeting HDL levels by reversing cholesterol efflux [14].
Moreover, miR-144-3p has been suggested to regulate cholesterol homeostasis in colorectal cancer
[12]. Although previous reports have indicated that miR144 is involved in erythropoiesis in humans

[33], our results indicate no direct association with the hematological parameters investigated.

Furthermore, there was a correlation between miRNA-486-5p and red blood cells (RBC), Hb and
EPO. This is expected, as miRNA-486-5p is highly abundant in erythrocytes [19, 34]. Even though the
expression of miR-486-5p is high in erythrocytes, studies indicate that miR-486-5p is present in high
levels in plasma samples [31], a prerequisite to function as circulatory miRNA biomarker. With this
study, we confirm that miR486-5p indeed is present in serum, in similar range as miR144-3p.
Additionally, it should be mentioned that HDL-C has been identified as a carrier of miR486-5p [35]

However, there was no association between circulatory miR486-5p and HDL-C in our healthy

14
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participants. The reason for this could be that the HDL-C transport is elevated only in vulnerable

coronary artery patients, as proposed [35].

4.3 EPO - variability, lipids and hematopoiesis

In our study, there was a large inter and intraindividual variability in EPO, and the levels of EPO
correlated as expected with Hb [36]. However, we did not find any variability in EPO during the
hormonal fluctuations throughout the menstrual cycle, confirming the results from a previous study in
Japanese women [37].

Notably, EPO showed a positive correlation to HDL-C and a negative correlation to TG. This is in line
with studies of treatment with recombinant human EPO (rhEPO), where decreases in LDL-C and TG,
and increases in HDL-C have been shown [38, 39]. Furthermore, in patients with acute renal failure
after coronary bypass surgery, the decrease in TG and total cholesterol negatively correlated with the
increase in EPO [40]. It has been suggested that EPO activates lipid catabolism in peripheral adipose
tissue, by activating the Janus Kinase 2 (JAK2)/STAT pathways, amongst others [41]. However,
studies in vivo show that EPO does not activate lipolytic pathways in human white adipose tissue
(WAT) [42]. Interestingly, studies in mice suggest that adipocytes in bone marrow are regulated by
endogenous EPO, and that these adipocytes are of different origin and functionality than those found
in WAT and brown adipose tissue (BAT) [43]. Furthermore, in obese mice with dyslipidemia, EPO
administration induced distinct differential changes in bone marrow tissue, compared to normal mice,

supporting a role for EPO in lipid metabolism [44].

In our study, there was a significant association between EPO and lymphocytes. Previous studies in
mice have suggested that lymphoid cells lack the erythropoietin receptor [45], but recent evidence
propose that EPO possesses important immune-modulating effects in humans [46]. Innate cells like
monocytes can produce EPO and EPO has a modulating effect on T cells in the adaptive immune
system [46]. At the same time, both B-cells and T-cell have been implicated in the process of
atherosclerosis [47] Thus, it is possible that the association between EPO and other biomarkers of
atherosclerosis may be indirect, with the common denominator being the immune system.
Nonetheless, several studies have investigated the non-hematopoietic roles of EPO in normal

physiology and metabolism [48].
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4.4 miRNAs and EPO Doping

Clinical analysis of EPO is performed only in certain conditions but is of interest in anti-doping setting
since EPO is a forbidden in sport. To detect EPO abuse, an electrophoretic method that separates
endogenous EPO from recombinant EPO and erythropoietin stimulating agents is used, a method that
lately has been improved in regards of detection window [49]. Also, the ABP, where selected
hematological variables (Hb and RET%) are longitudinally monitored to create individually calculated
thresholds can be applied to detect blood doping [50]. It has been suggested that miRNAs can function
as complementary biomarker in ABP and miR486-5p, miR-486-3p and miR144-3p have all been
suggested as biomarkers for blood doping [20-22]. Our results show no association between miR144
and any of the ABP hematological parameters, whereas a minor correlation between, miR486-5p and
Hb was discerned, further enhancing a connection between these two markers. However, to function as
a longitudinal passport marker, the expression profile should show low intra-individual variations.
Surprisingly, the stability of these miRNAs has not been longitudinally evaluated before, and the
relatively large intra-subject variations observed herein may be a concern. Moreover, administration
studies of long acting erythropoietin stimulating agents (MIRCERA) both in humans [20] and in
equines [51], reveal that miRNA-144 increase is not seen in all subjects implying that miRNA as a
biomarker in anti-doping context may be less useful.

4.5 Limitations and strengths

One limitation in our study is the small sample size (n=13) and hence minor hormone-mediated effects
on the miRNAs may not be found. Moreover, some values were missing, due to availability of
samples and detection rate, and consequently three samples (one from each menstrual phase) per
subject could not be included which decreases the power of our statistical analysis. For miRNAs in the
circulation, either miR-5p or miR-3p is preferentially active [2]. Unfortunately, not all studies declare
which miRNA strand is studied and thus comparing the results from our study, with other studies may
be difficult.

Nevertheless, our study population is the largest population in terms of studying these miRNAs in
relation to the menstrual cycle. Furthermore, a challenge in miRNA analyses is to identify the proper
control miRNAs for normalization [52]. In this study, we show that the two housekeeping miRNAs
used for normalization were not affected by the menstrual phases and that the use of only miR26b

provided similar results as when miR26b and miR27 were combined.
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4.6 Future studies

In the future, it is important to continue to study other putative miRNA diagnostic markers in relation
to the menstrual cycle, to understand if the expression profile may fluctuate [31]. Not considering
menstrual cycle phases when studying biomarkers in fertile women may introduce bias [53-56]. The
association between miRNAs, EPO, hematopoiesis, lipids and atherosclerosis should be further
explored, in both men and women. Moreover, to evaluate the utility of novel biomarkers, studies are
ideally performed in healthy volunteers prior to investigations in patient populations. To further
investigate the associations found in this study, a similar investigation should be performed in men.

5. Conclusion

To summarize, the results from this explorative pilot study, suggest that EPO, miR-144-3-p and
miRNA-486-5p in blood, do not vary during the menstrual cycle, and thus may be used as biomarkers
in women without considering the menstrual cycle phases. Nevertheless, both miR144 and miR486
showed large intra-individual variations and hence their use as longitudinal biomarkers might not be
optimal. Moreover, miRNAs and EPO were associated to lipids and markers of hematopoiesis-
miR144-3p was positively associated with HDL-C, whereas miR-486-5p was associated to EPO, red
blood cells and hemoglobin. Serum erythropoietin showed significant correlations to lymphocytes,
hemoglobin, high-density cholesterol and triglycerides. The association between miRNAs, EPO and

other biomarkers of atherosclerosis should be further explored in the future.
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