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ABSTRACT

Introduction

MicroRNAs (miRNAs) have emerged as strong, minimally invasive molecular biomarkers with outstanding diagnostic
and prognostic potential in a variety of clinical settings. Circulating miRNAs, particularly miR-22-3p and miR-125b-5p,
have attracted significance as potential candidates for tracking hormonal status, surgical results, and systemic
physiological remodeling related to gender-affirming surgery (GAS) in the quickly developing field of transgender health
research!"? Finding and validating suitable endogenous reference genes whose expression is consistent under all
experimental circumstances is essential for accurate quantification of these biomarkers using quantitative real-time PCR
(qPCR). However, given the significant hormonal milieu changes brought on by cross-sex hormone therapy and surgical
intervention, choosing reliable reference genes in transgender cohorts is a methodologically challenging and mostly
unexplored issue®"

Methods

The biological functions of miR-22-3p and miR-125b-5p are thoroughly examined in this review, which also assesses
potential reference genes for blood-based miRNA gPCR, such as U6 snRNA, SNORD44, SNORD48, RNU6B, and miR-
16-5p, and critically evaluates the statistical algorithms that are currently available for reference gene stability
assessment, including geNorm, NormFinder, BestKeeper, the delta Ct (ACt) method, and the comprehensive RefFinder
platform. The present endocrinological and molecular literature is used to synthesize the hormonal and physiological
factors of miRNA expression before and after GAS“-

Results And Discussion

Hormone-exposed blood matrices exhibit notable inter-individual diversity in reference gene stability. There is a crucial
methodological gap because no consensus reference gene has been validated specifically in transgender cohorts. The
employment of various computational resources, as well as at least two stably expressed reference genes, is strongly
suggested. In the context of endocrine and surgical surveillance, the relationship between reference gene selection and
precise measurement of miR-22-3p and miR-125b-5p expression profiles is examined”"

Conclusion

In addition to highlighting the critical need for prospective, multicenter studies combining molecular profiling with
gender-affirming therapeutic routes, this study proposes a methodological framework for reference gene validation in
transgender biomarker research®?- Precision endocrinology and evidence-based post operative monitoring in transgender
medicine will be further developed by such study.
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1. INTRODUCTION

The discovery of microRNAs (miRNAs) as master post-
transcriptional regulators of gene expression transformed
our understanding of molecular biology and disease
genesis. MiRNAs are tiny, non-coding RNA molecules
that control gene expression by binding to the 3'-
untranslated regions (3'-UTR) of target messenger RNAs
(mRNAs) and causing translational repression or mRNA
degradation. An estimated 60% of all protein-coding genes
are regulated by miRNAs, which are encoded by about
2,000 different loci in the human genome!?. This means
that miRNAs have an impact on almost every significant
biological  process, including cell proliferation,
differentiation, apoptosis, immune regulation, and
hormonal signaling.

The stability of miRNAs in biological fluids, particularly
blood, serum, and plasma, imparted by their interaction
with Argonaute proteins, lipid vesicles, or high-density
lipoproteins, makes them highly appealing as less intrusive
circulating  biomarkers. Circulating miRNAs are
analytically able to survive in clinical specimen matrices
due to their remarkable resistance to RNase activity,
freeze-thaw cycling, and severe pH conditions, in contrast
to mRNA. Their dysregulation in a wide range of
pathophysiological illnesses, including cancer,
cardiovascular disease, metabolic disorders, and endocrine
disruption, has sparked substantial research into their
diagnostic and predictive value!-12-

The molecular biology of cross-sex hormone therapy and
gender-affirming  surgery (GAS), which includes
gonadectomy, genital reconstruction, and secondary
surgical procedures, is still largely unexplored at the
transcriptomic and epigenomic levels in the clinical
context of transgender health. The endocrine environment
of transgender people undergoing GAS undergoes
significant and long-lasting changes, including as the
sudden cessation of endogenous gonadal steroid synthesis
and a reliance on exogenous hormone replacement.
Although these hormonal changes are known to
significantly affect gene expression in a variety of tissue
compartments, including circulating blood cells, little
systematic research has been done on how they
specifically affect the miRNA landscape.

In this context, two miRNAs of particular biological and
clinical significance are miR-22-3p and miR-125b-5p.
While miR-125b-5p is a well-known moderator of
immunological function, hormonal response, and cell
survival pathways, miR-22-3p has been described as a
pleiotropic regulator of androgen receptor (AR) signaling,
lipid metabolism, and cellular senescence. Both are strong
candidates for long-term GAS outcome monitoring since

they have been found to be hormonally controlled in
gonadal tissues and blood. However, strict normalization
against stable endogenous reference genes is necessary for
the precise quantification of these miRNAs by qPCR, the
gold standard for miRNA expression investigation.

One of the most significant and often disregarded sources
of inaccuracy in gPCR research is reference gene
selection. The idea that commonly employed controls,
such as U6 snRNA, SNORD44, or miR-16, are universally
stable across experimental settings has been thoroughly
tested. In disease conditions, in response to hormonal
manipulation, and after surgical intervention, these
reference genes may show significant expression
variations, leading to incorrect biological findings. The
unique intersectional profile of hormonal, immunological,
and anatomical change that characterizes the transgender
research milieu necessitates a focused, empirically verified
strategy to reference gene identification!3-14:

2. REVIEW OF LITERATURE

BIOLOGICAL ROLE OF MIR-22-3P

Encoded on chromosome 17p13.3, miR-22-3p is a
conserved miRNA with a variety of context-dependent
regulatory roles. It links it to hormone signaling, lipid
metabolism, cellular aging, and inflammation by targeting
numerous key genes, such as androgen receptor (AR),
estrogen receptor alpha (ESR1), PTEN, HDAC4, BRD7,
FASN, SREBPI, and SIRT1.
As a potential hormonal biomarker, miR-22-3p directly
reduces AR expression within the androgen signaling
pathway and has been shown to react to variations in
circulating androgen levels. Its function in controlling
FASN and SREBP1 further links it to alterations in lipid
metabolism  linked to gender-affirming hormone
therapy').

Additionally, circulating miR-22-3p has been studied in
cancer, diabetes, obesity-related metabolic diseases, and
cardiovascular disease. Its promise as a longitudinal
biomarker is supported by its quantifiable expression in
blood and plasma using qPCR. However, proper
normalization is crucial when comparing pre- and post-
treatment or surgical time points because hormone therapy
may affect miR-22-3p expression.

BIOLOGICAL ROLE OF MIR-125B-5P

Two chromosomal sites, chromosomes 11q24.1 (miR-
125b-1) and 21g21.1 (miR-125b-2), encode the highly
conserved miRNA miR-125b-5p. It controls several genes,
such as TP53, BCL2, MMP13, and IRF4, and it is crucial
for immune-cell differentiation, hematopoiesis,
inflammation, and apoptosis. It is especially pertinent for
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circulating biomarker research due to its widespread
expression in blood-derived cells.

Additionally, miR-125b-5p is intimately associated with
steroid hormone signaling, with androgen deprivation
impacting its expression and estrogen signaling regulating
its transcription. During feminizing and masculinizing
hormone therapy, which significantly changes the steroid
environment, these hormone-responsive traits might be
important('®,

Circulating miR-125b-5p has been studied as a biomarker
for inflammatory diseases, colorectal cancer, and
hematological malignancies. Because of its role in
immunological modulation and apoptosis, it may be useful
for tracking physiological changes brought on by gender-
affirming hormone therapy and surgical procedures.

BLOOD-BASED MIRNA BIOMARKERS: PRE-
ANALYTICAL AND ANALYTICAL
CONSIDERATIONS

As blood-based biomarkers, circulating miRNAs have
several useful benefits, such as minimally intrusive
sampling, accessibility, and suitability for long-term
monitoring. Peripheral blood mononuclear cells (PBMCs),
serum, plasma, or whole blood can all be used to measure
them, however each type of sample has unique biological
and pre-analytical properties.

While the choice of anticoagulant affects plasma, with
heparin possibly preventing PCR amplification, serum
contains both cell-free miRNAs and miRNAs released
after clotting. Changes in leukocyte composition may
impact whole blood's ability to collect miRNAs from
various cellular compartments, which is especially
important in transgender populations undergoing hormone
therapy(!7-1®),

Therefore, standardizing collecting tubes, anticoagulants,
processing time, centrifugation, RNA extraction, spike-in
controls, and qPCR methods is necessary for reliable
miRNA analysis. Pre-analytical techniques must be
consistent in order to reduce technical variance and ensure
that reported changes are due to biological variations
rather than sample-processing influences.

HORMONAL INFLUENCE ON
EXPRESSION

Sex steroids can affect miRNA expression via epigenetic,
post-transcriptional, and  transcriptional  processes.
Therefore, by  changing hormonal, metabolic,
immunological, and cellular pathways, testosterone
therapy and estrogen/anti-androgen therapy may modify
circulating miRNA patterns.

MIRNA

Crucially, reference genes may also be hormone-
responsive when utilized for miRNA normalization.

Common regulators like SNORD44, SNORD48, and miR-
16-5p can change in response to shifts in hematopoiesis
and cellular composition. Therefore, rather than assuming
that reference genes are stable everyplace, they should be
verified for stability within the particular transgender
research population and treatment environment!?"

GENDER-AFFIRMING SURGERY AND
PHYSIOLOGICAL CHANGES
Procedures  including  orchiectomy,  vaginoplasty,

mastectomy, hysterectomy, oophorectomy, and genital
reconstruction are examples of gender-affirming surgery
(GAS). Gonadectomy increases reliance on exogenous
hormone therapy and eliminates endogenous sex-steroid
production, which have significant endocrine effects®?

Inflammation, immunological activation, and wound
healing during the early post-surgical phase can
momentarily change the amount of circulating miRNA.
Long-term changes in erythrocyte mass, body
composition, bone health, cardiovascular parameters, and
immune-cell profiles accompany hormonal stability, which
may have an impact on circulating miRNA expression.
Thus, when assessing miRNAs prior to and following
GAS, time-stratified and standardized sampling is
crucial@-

3. REFERENCE GENES IN MIRNA QPCR:
PRINCIPLES, CANDIDATES, AND CHALLENGES

IMPORTANCE OF STABLE ENDOGENOUS
CONTROLS IN QPCR NORMALIZATION

Technical variation resulting from variations in RNA
input, quality, reverse transcription, and PCR performance
is adjusted for by qPCR normalization. An ideal
endogenous reference gene should prevent pseudogene-
related amplification, exhibit consistent and comparable
expression across samples, and be unaffected by
experimental conditions.

Because improper normalization might significantly skew
biological findings, reference gene stability must be
verified rather than assumed. Stable endogenous miRNAs,
snRNAs, and snoRNAs are among the more restricted
reference choices that are appropriate for miRNA gPCR.
The chosen reference should be consistent with the gPCR
technique and unaffected by variables specific to the
investigation, such as hormone therapy or surgery®2-24-

CANDIDATE REFERENCE GENES FOR BLOOD
MIRNA qPCR

Table 1 : below provides an overview of the main potential
reference genes assessed in the literature on blood-based
miRNA gqPCR. These candidates include a variety of RNA
biotypes with unique expression traits, biogenesis routes,
and genetic sources.
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Table 1. Candidate reference genes for blood-based miRNA gPCR normalization: molecular characteristics and stability

considerations(®*-20-
Reference Biotype | Chromosomal | Approximate Primary Function Reported Stability
Gene Locus Size (nt) Concerns
U6 snRNA snRNA 12g21.31 ~107 Spliceosome assembly; | Variable expression
(RNU6B) pre-mRNA splicing with cell cycle, heat
stress, hormone
exposure; degraded
in plasma
SNORD44 snoRNA 1p35.3 ~65 2'-O-methylation ~ of | Relatively stable in
(RNU44) (C/D box) 28S rRNA at C1327 whole blood;
sensitive to RNA
degradation
SNORD48 snoRNA 6p21.3 ~66 2'-O-methylation  of | Widely used; may
(RNU48) (C/D box) 28S rRNA at Um2552 | vary with
inflammatory states
miR-16-5p miRNA 13q14.2/ ~22 Regulates cell cycle | Elevated in
3q26.1 (CDK6, CCNDI1) and | hemolysis; regulated
apoptosis (BCL2) by testosterone-
driven
erythropoiesis
SNORD?72 snoRNA Not fully ~75 rRNA modification Less commonly
(RNU72) (C/D box) | characterized validated in blood
matrices
cel-miR-39- | Exogenous | N/A (artificial) ~21 No human biological | Not a true ERG;
3p spike-in function; extraction | used as spike-in
(C. efficiency monitor control for
elegans) normalization of
pre-analytical
variability
5S rRNA rRNA Multiple loci ~120 Component of 60S | Widely variable;
ribosomal subunit generally not
recommended  for
plasma/serum
U6 snRNA (RNUGB) They are easier to identify since their expression levels are

Due to its early adoption by the miRNA research
community and relative abundance in nucleated cells, U6
snRNA continues to be one of the most commonly used
reference genes for miRNA qPCR. Its applicability for
blood-based miRNA research has been called into question
more and more, tho. RNA polymerase III is responsible for
the transcription of U6, which has significantly lower
stability in serum and plasma when compared to whole
blood, cell-cycle-dependent expression variability, and
susceptibility to temperature-mediated degradation. Its
expression has been shown to alter in response to heat
stress, hypoxia, and steroid hormone therapy—conditions
that are directly related to the physiological setting
following GAS®7:

SNORD44 and SNORD48

The C/D box small nucleolar RNAs SNORD44 (RNU44)
and SNORD48 (RNU48) direct site-specific 2'-O-
methylation of ribosomal RNA. Numerous blood-based
miRNA gPCR investigations, including those looking at
metabolic diseases, cancer, and cardiovascular disease,
have confirmed both as reasonably stable reference genes.

often higher than those of most mature miRNAs?829:

Evidence, however, indicates that circumstances of altered
ribosome biogenesis and systemic inflammatory activation
may influence their expression; both variables may be
pertinent in the acute post-surgical period after GAS.

miR-16-5p

Because of its high and seemingly constant expression in
erythrocytes and leukocytes, the endogenous miRNA miR-
16-5p is often suggested as a blood-based reference gene.
But in the context of transgender studies, its biological
regulation raises serious issues. When testosterone is
administered to FtM individuals, it enhances
erythropoiesis and erythrocyte bulk. This directly modifies
the ratio of erythrocytes to leukocytes in whole blood,
which in turn modifies the apparent concentration of miR-
16-5p in whole blood samples. Additionally, miR-16-5p
expression is significantly higher in hemolyzed samples,
which is a common pre-analytical artifact that makes it an
inaccurate reference gene in the absence of a thorough
hemolysis assessment(?-
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CHALLENGES IN REFERENCE GENE
SELECTION FOR TRANSGENDER COHORTS

Due to the significant hormonal and physiological changes
caused by gender-affirming hormone therapy and surgery,
reference gene validation in transgender research poses
particular difficulties. Changes in the makeup of blood
cells, such as erythrocyte and leukocyte variations, might
affect circulating miRNA profiles and cause confusion.

Furthermore, reference gene stability may alter throughout
the course of longitudinal investigations, which include
pre-hormone baseline, hormone therapy, and post-surgical
periods. As a result, rather than being taken for granted,
reference genes should be verified over pertinent time
periods. Lastly, the trustworthiness of reference gene
stability algorithms may be limited by the small sample
sizes typical in transgender populations, underscoring the

necessity of meticulous study design and suitable
statistical validation®!-3*)
4. METHODS FOR REFERENCE GENE

STABILITY VALIDATION

For the empirical evaluation of reference gene expression
stability from qPCR data, a number of complementary
computational techniques have been established. Different
algorithms may produce different stability rankings for the
same dataset since they are based on various mathematical
premises and assess stability from different analytical
perspectives. Current methodological recommendations
generally support a consensus approach, which integrates
the results of numerous algorithms. This approach is
especially suitable for the intricate experimental setting of
transgender biomarker research. The main validation tools
are summarized in a comparative manner in Table 2.

Table 2. Comparative summary of reference gene stability validation algorithms for miRNA qPCR data G439

Algorithm Mathematical Basis Key Output Principal Advantage Key Limitation
Metric
geNorm Pairwise variation of | M-value (stability | Determines minimum | Assumes co-regulated
expression ratios | score); Vn/Vn+l | number of reference | genes are  stable;
between  candidate | (optimal gene | genes needed; widely | vulnerable to
genes  across  all | number) validated correlated instability
samples
NormFinder Model-based Stability value | Handles two-group | Requires defined
approach; estimates | (lower = more | experimental designs; | group structure; less
intra- and inter-group | stable) identifies single best | robust in complex
expression variation reference gene multi-timepoint
separately designs
BestKeeper Descriptive statistics | SD of Ct wvalues; | Simple and intuitive; | Does not account for
of Ct values; | Pearson correlation | identifies outlier | inter-sample variation
calculates  standard | coefficient genes rapidly in expression ratios
deviation (SD) and
coefficient of
variation (CV)
Delta Ct (ACt) | Pairwise comparison | SD of ACt (lower = | Non-parametric; no | Computationally
Method of ACt values | more stable) assumptions about | intensive for large
between  candidate sample groupings candidate pools
genes across samples;
calculates SD  of
differences
RefFinder Web-based integrated | Comprehensive Consensus  ranking | Requires internet
platform computing | stability  ranking | from four algorithms; | access; algorithms
geometric mean rank | (geometric  mean | single unified | weighted equally
across geNorm, | rank) recommendation regardless of dataset
NormFinder, structure
BestKeeper, and ACt
GENORM ALGORITHM pairwise ratios with every other contender is the

GeNorm, which was created by Vandesompele and
associates and integrated into the qBase software package,
functions by computing pairwise expression ratios
between every possible combination of candidate
reference genes throughout the whole sample set. The
average standard deviation of the log2-transformed

expression stability measure M for each gene. Since the
ratio of two co-regulated genes cannot be utilized to
establish the stability of either gene separately, the least
stable gene (highest M value) is iteratively excluded until
the two most stable genes are found®®"
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NORMFINDER ALGORITHM

The model-based technique NormFinder, created by
Andersen and associates, assesses the stability of potential
reference genes by taking into account both intra-group
and inter-group expression changes. Because it takes into
account changes between experimental groups, it is
especially helpful for two-group investigations, such as
pre- and post-GAS comparisons.

A stability value is assigned by NormFinder; higher
stability is indicated by a lower value. It can determine the
best single reference gene or the optimum pairing of two
genes. NormFinder is useful for investigations involving
various hormonal or physiological states since it takes the
experimental group structure into account, unlike geNorm,
which only focuses on gene co-expression®”

BESTKEEPER ALGORITHM

BestKeeper uses candidate genes' raw Ct values to assess
the stability of reference genes. It computes the coefficient
of variation (CV) and standard deviation (SD), and genes
with SD > 1 Ct are typically regarded as inappropriate.

Additionally, it evaluates the Pearson correlation between
each potential gene and the index and creates a
BestKeeper Index. More stable genes are thot to have
larger correlations. Before using more sophisticated
techniques like geNorm and NormFinder, BestKeeper is
helpful as a straightforward screening tool to remove
highly variable reference genes.

DELTA CT (ACT) METHOD

By comparing the ACt values of candidate genes across
samples, Silver and colleagues' ACt technique assesses
reference gene stability. The most stable gene is the one
with the lowest average fluctuation in pairwise ACt values.

The ACt approach does not presume a normal distribution
or require particular group definitions, in contrast to
geNorm. It is practical for clinical research labs since it
can be carried out with ease using a standard spreadsheet

and is helpful for heterogeneous or imbalanced sample
groups.

REFFINDER:
PLATFORM
RefFinder is an online program that generates an overall
score of reference gene stability by combining the results
of geNorm, NormFinder, BestKeeper, and the ACt
technique. The most stable gene is shown by the lowest
value of the geometric mean of the rankings obtained from
all four techniques.

INTEGRATED CONSENSUS

For reference gene selection, RefFinder offers a practical
consensus rating. To maintain transparency and enable
accurate interpretation of the results, researchers should,
nevertheless, also publish the specific outcomes from each
algorithm©®8-39

5. CORRELATION ANALYSIS: REFERENCE
GENE STABILITY AND TARGET MIRNA
EXPRESSION PRE- AND POST-GENDER-
AFFIRMING SURGERY

For accurate assessment of miR-22-3p and miR-125b-5p

expression, reference genes must be carefully chosen.

Systematic bias may be introduced by an unstable

reference gene, which could conceal actual biological

changes or result in false-positive findings“®-

After normalization, miRNA expression can be compared
with other reference genes or gene combinations to assess
this. During RNA extraction and analysis, an exogenous
spike-in control, such cel-miR-39-3p, can also be used to
detect technical variance.

Eight to twelve candidate reference genes should be
screened, their stability evaluated using geNorm,
NormFinder, BestKeeper, ACt, and RefFinder, and miRNA
expression normalized using the best single gene, optimal
gene pair, and multiple-gene normalization factor should
be compared. To guaranty accurate and repeatable miRNA
quantification, the chosen reference genes should lastly be
verified in a separate cohort™!-+-

RECOMMENDED ANALYTICAL FRAMEWORK FOR TRANSGENDER COHORT STUDIES

Table 3. Recommended analytical framework for reference gene validation and target miRNA quantification in
transgender cohort studies®*-

Study Phase

Analytical Recommendation

Methodological Rationale

Pre-analytical

Standardize collection tube (EDTA plasma
recommended), processing time (<2h), and
freeze-thaw cycles (<2); include cel-miR-
39-3p spike-in at fixed concentration pre-
extraction

Controls  inter-sample  variability in
extraction efficiency; mandatory for
circulating miRNA studies

Reference gene
candidate selection

Include minimum 8 candidate genes: U6,
SNORD44, SNORD48, miR-16-5p, miR-
93-5p, miR-191-5p, let-7a-5p, and cel-
miR-39-3p; genotype-matched or tissue-
matched selection preferred

Broad candidate panel increases likelihood
of identifying stable candidates across all
timepoints

Discovery cohort

Apply geNorm, NormFinder, BestKeeper,

Consensus approach mitigates algorithm-
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validation ACt, and RefFinder; require consensus | specific bias; transparency supports
from >3 algorithms; report all individual | reproducibility
algorithm outputs
Normalization Use geometric mean of 2-3 most stable | Multiple-gene  normalization  reduces
strategy reference genes as normalization factor; | residual technical noise by approximately
avoid single-gene normalization 50% vs. single gene
Target miRNA | Report miR-22-3p and miR-125b-5p | Enables cross-study comparison and meta-
quantification expression as normalized expression ratios | analysis
relative to normalization factor; include
95% CI and effect sizes
Longitudinal Assess stability rankings separately at each | Reference gene stability may differ across
correlation timepoint (pre-hormone, pre-surgical, 3- | hormonal states; timepoint-specific
month post-surgical, 12-month post- | validation required
surgical)
6. ETHICAL CONSIDERATIONS IN 4) Absence of blood fraction standardization: The best

TRANSGENDER MOLECULAR BIOMARKER
RESEARCH

Respectful, inclusive, and culturally sensitive ethical
procedures are necessary for research with transgender
people. The study techniques, molecular analyzes, any
incidental findings, data use, and long-term sample storage
should all be explained in detail in informed consent.
Because molecular data may pose re-identification
hazards, privacy and secrecy are especially crucial.
Therefore, appropriate de-identification, safe data storage,
and responsible data-sharing procedures ought to be put
into place.

With informed permission, researchers should use gender-
affirming and participant-preferred terms to gather
information about gender identity, assigned sex at birth,
hormone therapy, and gender-affirming surgery. Lastly, it
is highly recommended to engage the community and do
participatory research. The ethical relevance, acceptability,
and influence of the research can be enhanced by
involving advocacy organizations, patient advisory boards,
and members of the transgender community*>

7.CURRENT GAPS IN THE LITERATURE

Reference gene validation and miRNA biomarker studies
have a number of significant shortcomings in transgender
health research:

1) Absence of validation of transgender-specific
reference genes: No research has systematically
verified miRNA reference genes in blood samples
taken prior to and following gender-affirming surgery
(GAS).

2) Limited longitudinal miRNA data: There are few
long-term studies that monitor miRNAs like miR-22-
3p and miR-125b-5p across various phases of gender-
affirming therapy.

3) Limited hormone-miRNA correlation: It is yet
unclear how estradiol, testosterone, SHBG, and
miRNA expression are related.

way to use whole blood, plasma, serum, or PBMCs for
miRNA study in transgender populations is still up for
debate.

5) Limited surgical stratification: Previous research
frequently treats GAS as a single group rather than
examining procedure-specific effects, even tho
different gender-affirming operations may have distinct
molecular impacts“®

8. FUTURE PERSPECTIVES

PERSONALIZED MEDICINE
MONITORING

Precision monitoring of transgender patients getting
gender-affirming care may be aided by validated
circulating miRNAs like miR-22-3p and miR-125b-5p.
MiRNA profiles may offer further details regarding the
cellular effects of hormone therapy, treatment response,
and potential health risks in addition to standard hormone
assays and clinical evaluation.

AND ENDOCRINE

A viable method for multiplexed and sensitive miRNA
detection is provided by liquid biopsy technologies.
Additionally, several known and novel miRNAs can be
concurrently identified and quantified using small RNA
sequencing, or small RNA-seq. However, systematic
sample processing, suitable normalization techniques, and
validation in transgender-specific cohorts are necessary for
trustworthy clinical use.

SURGICAL OUTCOME BIOMARKERS

It may be possible to track results after gender-affirming
surgery (GAS) using validated circulating miRNA
indicators. Early warning signs of complications like
infection, delayed healing, flap necrosis, or urethral issues
may be seen in changes in miRNAs related to wound
healing, angiogenesis, and inflammation.

By offering objective biological data regarding healing
and recovery, miRNA-based monitoring may supplement
patient-reported outcome measures (PROMs). Finding
pre-surgical miRNA patterns linked to postoperative
results may help with risk evaluation and individualized
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perioperative care. Before regular clinical use, more long-
term research and clinical confirmation are required.

ARTIFICIAL INTELLIGENCE INTEGRATION AND
MULTI-OMICS APPROACHES
To find intricate biological patterns connected to hormonal

therapy and  gender-affirming  surgery, artificial
intelligence (AI) and machine learning can combine
miRNA data with other molecular datasets like

PRIORITIZED RESEARCH AGENDA

methylation, and

metabolomics.

transcriptomics, proteomics,

Individual biological reactions and treatment trajectories
may be predicted with the use of deep learning on
longitudinal miRNA data. To guaranty dependable and
clinically significant outcomes, these methods necessitate
extensive, well-characterized longitudinal datasets,
standardized laboratory procedures, and cooperative
biobanks“”

Table 4. Prioritized research agenda for reference gene validation and miRNA biomarker development in transgender

health science®$49-

Priority Research Goal Recommended Target Timeline Expected
Approach Impact
1 Validate reference | Multicenter prospective 2—4 years Methodological
genes for blood | cohort study foundation  for
miRNA qPCR | (n=80/group); all  subsequent
specifically in | RefFinder  consensus molecular
transgender cohorts analysis across 10+ biomarker
candidates at multiple research
timepoints
2 Characterize Standardized qPCR 3-S5 years Clinical
longitudinal miR-22-3p | with validated reference biomarker
and miR-125b-5p | genes; serial sampling candidates  for
profiles pre- and post- | at 6+ timepoints across hormonal
GAS gender-affirming  care response
pathway monitoring
3 Correlate hormonal | Simultaneous 2-3 years Mechanistic
parameters with | measurement of sex understanding of
miRNA expression and | steroid panel (LC- hormonal-
reference gene stability | MS/MS), CBC, and miRNA
miRNA profiles; regulatory axes
multivariate regression in transgender
analysis biology
4 Develop validated post- | Peri-operative miRNA 4-6 years Objective tools
surgical outcome | profiling linked to for post-surgical
miRNA biomarker | standardized  surgical monitoring and
panels outcome measures and risk
PROMs stratification
5 Establish international | Federated biobank 5-10 years Infrastructure
transgender molecular | network with for  definitive
biobank harmonized protocols, multicenter
GDPR-compliant data studies and
sharing, and community meta-analyses
governance

9. CONCLUSION

The scientific justification, methodological requirements,
and existing knowledge gaps concerning the identification,
correlation, and validation of stable reference genes for
miRNA ¢PCR normalization in blood samples from
transgender people before and after gender-affirming
surgery have all been outlined in this thorough review?"
Existing evidence in related biological contexts supports
the biological significance of miR-22-3p and miR-125b-5p
as candidate biomarkers of hormonal status and surgical

response, and their accurate quantification in transgender
cohorts represents a clinically significant and scientifically
compelling research goal.

If the study program's methodological foundation—
rigorous reference gene validation employing multi-
algorithmic consensus approaches (geNorm, NormFinder,
BestKeeper, ACt, and RefFinder)—is to produce data that
is both clinically translatable and scientifically credible,
then it cannot be compromised®"- No universal reference
gene can be presumed to be stable across the significantly
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altered hormonal, immunological, and physiological
environment that characterizes the gender-affirming
treatment pathway, according to current findings. Each
transgender biomarker study's unique experimental setting
necessitates the selection of custom, empirically supported
reference genes®?"

The field is at a turning point right now. An unprecedented
chance to build the scientific foundation required for
reliable, repeatable, and clinically significant transgender
molecular biomarker research is created by the
convergence of expanding international research networks,
rapidly developing molecular profiling technologies, and
growing societal recognition of the significance of
transgender health research. In order to take advantage of
this potential, consistent funding for carefully planned
prospective  cohort  studies, international  data
harmonization, and the active participation of transgender
communities as research partners rather than just
participants will be necessary.

Clinical monitoring of gender-affirming care could be
transformed from its current reliance on periodic hormonal
assays alone to a richer, molecularly informed framework
capable of evaluating the full biological impact of
hormonal and surgical gender affirmation thru the
development and wvalidation of circulating miRNA
biomarker panels based on rigorously validated reference
genes. This is not just a scientific breakthrough; it also
adds to the body of evidence that can enhance healthcare
outcomes and quality for one of the most historically
underprivileged patient groups in medicine®*->4"
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