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Abstract

MicroRNA-21 (miR-21) has long been regarded as one of the most promising molecu-
lar targets in chronic kidney disease (CKD) because of its consistent upregulation across
diverse renal disorders and its involvement in fibrosis, inflammation, oxidative stress,
and metabolic dysfunction. Strong preclinical evidence demonstrated that inhibition of
miR-21 reduced kidney injury, preserved renal function, and improved survival in multiple
experimental models, particularly Alport syndrome, leading to the clinical development
of the antisense oligonucleotide lademirsen. However, despite a compelling biological
rationale and encouraging animal data, the phase 2 HERA trial failed to demonstrate a
clinically meaningful effect on the rate of kidney function decline, resulting in discon-
tinuation of the program. This review examines the biological functions of miR-21 in
CKD, summarizes the experimental and clinical evidence that supported its therapeutic
development, and critically analyzes the factors that may explain the discrepancy between
preclinical success and clinical failure. Particular attention is given to the distinction be-
tween disease-associated biomarkers and true therapeutic drivers, the limitations of animal
models, disease heterogeneity, timing of intervention, and the complex regulatory net-
works underlying progressive kidney fibrosis. Rather than representing the end of miR-21
research, the experience with lademirsen provides valuable insights into the challenges of
translating RNA-based therapies into clinical practice. Future therapeutic strategies will
likely require earlier intervention, improved patient selection, robust biomarkers of target
engagement, and combination approaches that address the multifactorial nature of CKD.
The lessons learned from the lademirsen program may help guide the development of the
next generation of RNA therapeutics for kidney disease.

Keywords: chronic kidney disease; microRNA-21; lademirsen; Alport syndrome; RNA
therapeutics; kidney fibrosis; translational medicine; biomarker; antisense oligonucleotides

1. Introduction
Chronic kidney disease (CKD) is still one of the leading causes of morbidity and

mortality worldwide, affecting hundreds of millions of individuals and placing a sub-
stantial burden on healthcare systems. Although the introduction of renin–angiotensin
system inhibitors, sodium-glucose cotransporter-2 inhibitors and non-steroidal mineralocor-
ticoid receptor antagonists has improved outcomes, many patients continue to experience
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progressive loss of kidney function. As a result, considerable effort has been directed
toward identifying molecular pathways that could be targeted to slow or even stop CKD
progression [1–3].

Among the emerging therapeutic strategies, microRNAs attracted particular attention
because of their ability to regulate entire gene networks rather than individual signaling
molecules. This characteristic appeared especially relevant in CKD, where fibrosis, in-
flammation, oxidative stress, metabolic dysfunction and maladaptive tissue repair interact
through complex and interconnected pathways. Of the numerous microRNAs implicated
in kidney disease, microRNA-21 (miR-21) rapidly emerged as one of the most promising
candidates due to its consistent upregulation across diverse forms of renal injury [4].

Throughout the 2010s, experimental evidence suggested that miR-21 occupied a cen-
tral position within the molecular machinery driving kidney fibrosis and progressive
nephron loss. Inhibition of miR-21 improved renal histology, preserved kidney function,
and prolonged survival in multiple animal models, particularly in Alport syndrome, where
preclinical results were strikingly consistent. These findings generated considerable enthu-
siasm and positioned miR-21 as one of the first non-coding RNA targets to advance from
experimental nephrology into clinical drug development [4,5].

The development of lademirsen, an antisense oligonucleotide designed to inhibit miR-
21, was therefore viewed as a landmark step for RNA-based therapeutics in kidney disease.
Expectations were high that targeting a molecule implicated in several pathogenic pathways
simultaneously might overcome some of the limitations associated with conventional
therapies. However, despite a strong biological rationale and encouraging preclinical data,
the phase 2 HERA trial failed to demonstrate a meaningful benefit on kidney function
decline in patients with Alport syndrome, leading to discontinuation of the program
for futility. The failure was not primarily related to safety concerns, which makes the
discrepancy between animal and human outcomes even more intriguing [5–7].

Rather than providing another narrative overview of miR-21 biology or the HERA trial,
this review examines the complete lademirsen development program across successive
stages of therapeutic target validation, including biological rationale, biomarker evidence,
experimental validation, clinical testing, and post-trial interpretation. By critically eval-
uating the evidence supporting each stage, we identify where confidence in miR-21 as a
therapeutic target was justified and where important translational uncertainties persisted
despite encouraging preclinical findings. This stage-based analysis illustrates how appar-
ently robust experimental evidence can fail to translate into clinical benefit and highlights
broader considerations for therapeutic target validation and the development of future
RNA-based therapies for chronic kidney disease. While previous reviews have primarily
summarized the biological functions of miR-21 or the clinical experience with lademirsen,
the present review critically evaluates therapeutic target validation across successive stages
of translation and examines how cumulative translational uncertainties contributed to the
failure of clinical efficacy.

2. Methodology
This narrative review was prepared through a comprehensive review of the pub-

lished literature on miR-21, CKD and the clinical development of lademirsen. Relevant
articles were identified primarily through searches of PubMed/MEDLINE, with addi-
tional references retrieved from the bibliographies of selected publications. Priority was
given to experimental studies, clinical trials, systematic reviews and landmark papers
addressing the biological role of miR-21, translational research, RNA-based therapeutics,
and the HERA trial. The selected literature was critically evaluated and synthesized to
provide an integrated overview of current evidence, with particular emphasis on the trans-
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lational challenges that contributed to the discrepancy between preclinical success and
clinical outcomes.

3. Biology of miR-21 in the Healthy and Diseased Kidney
MicroRNAs (miRNAs) are short non-coding RNA molecules, approximately 22 nu-

cleotides in length, that regulate gene expression at the post-transcriptional level by binding
to target messenger RNAs and promoting their degradation or translational repression [8].
Among the numerous miRNAs implicated in kidney biology, microRNA-21 (miR-21) has
emerged as one of the most extensively studied due to its consistent upregulation across
multiple forms of CKD and its involvement in pathways regulating fibrosis, inflammation,
oxidative stress and cellular metabolism [8,9].

Under physiological conditions, miR-21 is expressed at relatively low levels in the
healthy kidney and contributes to normal cellular homeostasis. Its expression can be
detected in several renal cell populations, including tubular epithelial cells, podocytes,
fibroblasts, endothelial cells and infiltrating immune cells. In response to kidney injury,
however, miR-21 expression increases markedly, particularly within damaged tubular
epithelial cells and activated interstitial fibroblasts. This upregulation has been seen in
diabetic kidney disease, hypertensive nephropathy, glomerulonephritis, Alport syndrome
and various experimental models of tubulointerstitial fibrosis, suggesting that miR-21
represents a common molecular response to chronic renal injury rather than a disease-
specific phenomenon [8,10].

The biological significance of miR-21 lies in its ability to simultaneously regulate
multiple signaling pathways involved in CKD progression. One of its best-characterized
targets is SMAD7, an endogenous inhibitor of transforming growth factor-beta (TGF-β)
signaling. By suppressing SMAD7 expression, miR-21 amplifies TGF-β/SMAD3 activity,
resulting in enhanced extracellular matrix deposition, fibroblast activation and progressive
renal fibrosis. Increased miR-21 expression is associated with enhanced collagen production
and accelerated fibrotic remodeling of the kidney [11,12].

Another important target of miR-21 is a phosphatase and tensin homolog (PTEN), a
negative regulator of the PI3K/AKT pathway. Suppression of PTEN by miR-21 promotes
AKT activation, contributing to renal cell hypertrophy, extracellular matrix accumulation
and fibrotic remodeling. In parallel, miR-21 directly targets SMAD7, an endogenous
inhibitor of TGF-β signaling, thereby amplifying profibrotic TGF-β/SMAD3 activity. PTEN
and SMAD7 suppression create a molecular environment that favors progressive renal
fibrosis and functional decline in diabetic nephropathy and other forms of CKD [13,14].

Beyond its effects on fibrotic signaling, miR-21 also influences cellular metabolism [15].
MiR-21 promotes kidney fibrosis through suppression of genes involved in fatty acid oxida-
tion and mitochondrial function, particularly pathways regulated by PPAR-α (peroxisome
proliferator-activated receptor alpha) [16]. Reduced fatty acid oxidation leads to ATP deple-
tion, lipid accumulation, and dedifferentiation of tubular epithelial cells, rendering them
more susceptible to injury and maladaptive repair processes that contribute to progressive
kidney fibrosis [17]. These observations expanded the understanding of miR-21 beyond a
regulator of fibrotic signaling and highlighted its role in the metabolic reprogramming that
accompanies CKD progression.

MiR-21 additionally contributes to renal inflammation through interactions with mul-
tiple cytokine and immune signaling pathways [12]. Increased miR-21 expression has been
associated with inflammatory cell infiltration and sustained pro-inflammatory signaling
within the injured kidney [10]. MiR-21 inhibition reduces the expression of inflammatory
mediators, including TNF-α and IL-1β, while attenuating renal injury, supporting a role
for miR-21 in linking chronic inflammation to progressive kidney damage [18].
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The biological effects of miR-21 appear to be highly context-dependent. While transient
miR-21 activation may represent an adaptive response following acute injury, persistent
overexpression during chronic disease promotes maladaptive repair, fibrosis, and progres-
sive nephron loss. Current evidence suggests that miR-21 cannot be regarded as either
a primary pathogenic driver or merely a passive downstream marker of kidney injury.
Instead, it appears to act primarily as a disease amplifier, reinforcing profibrotic, inflam-
matory, and metabolic pathways that sustain disease progression after injury has been
initiated [19,20]. Its consistent upregulation across diverse kidney diseases, together with
its central role in several interconnected pathogenic pathways, provided the biological
rationale for therapeutic targeting. However, the HERA trial highlighted that biological
relevance alone does not necessarily indicate that a molecule is indispensable for disease
progression or that its inhibition will translate into clinical benefit [21].

4. Linking miR-21 to CKD Progression
4.1. Experimental Evidence

The rationale for targeting miR-21 originated from observations that its expression
increased across virtually all major experimental models of CKD, regardless of the initiating
injury. Although the initiating insults differed substantially, increased miR-21 expression
was repeatedly observed in progressive kidney injury and was associated with worsen-
ing histological and functional outcomes. This reproducibility suggested that miR-21
might be a pathway involved in CKD progression rather than a disease-specific molecular
abnormality [4,22].

A major turning point came from studies demonstrating that therapeutic inhibition of
miR-21 could alter the natural history of experimental kidney disease. In murine models of
Alport syndrome, anti-miR-21 treatment reduced albuminuria, attenuated glomeruloscle-
rosis and tubulointerstitial fibrosis, preserved renal function, and significantly prolonged
survival. Importantly, these benefits were observed despite the persistence of the underly-
ing genetic defect, suggesting that miR-21 inhibition acted on downstream mechanisms
driving disease progression [18].

The translational appeal of miR-21 was further strengthened by subsequent studies
showing efficacy across different CKD phenotypes. Protective effects were reported in
diabetic kidney disease, obstructive nephropathy, and other experimental models char-
acterized by progressive fibrosis. Rather than influencing a single pathological process,
miR-21 inhibition appeared to simultaneously improve several hallmarks of CKD progres-
sion, including structural injury, inflammatory activity, and functional decline. This broad
spectrum of activity distinguished miR-21 from many previous therapeutic targets that
were restricted to a single signaling pathway [23,24].

Another factor that fueled enthusiasm was the favorable preclinical safety profile.
Long-term suppression of miR-21 in animal studies was generally well tolerated, with
no major toxicity signals reported despite sustained inhibition. Combined with robust
efficacy data, these findings provided a strong rationale for advancing anti-miR-21 therapies
into human studies. By the late 2010s, miR-21 had become one of the most promising
non-coding RNA targets in nephrology, ultimately leading to the clinical development of
lademirsen [18,25].

4.2. Human Evidence

The translational rationale for targeting miR-21 was not based solely on animal studies.
Evidence from human kidney disease consistently demonstrated increased miR-21 expres-
sion across multiple CKD etiologies, including diabetic kidney disease, IgA nephropathy,
hypertensive nephropathy, focal segmental glomerulosclerosis and Alport syndrome [26,27].
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Elevated miR-21 levels have been detected in kidney tissue, urine, circulating plasma, and
extracellular vesicles, suggesting that miR-21 activation is a common feature of chronic
renal injury rather than a disease-specific phenomenon [28,29]. MiR-21 expression was
particularly enriched in areas of active tubular injury and interstitial fibrosis. The degree
of miR-21 upregulation frequently correlated with histological fibrosis, proteinuria, and
declining kidney function, supporting the hypothesis that miR-21 participates in pathways
associated with CKD progression [30]. These findings appeared highly consistent with ob-
servations from experimental models and strengthened confidence that miR-21 represented
a clinically relevant therapeutic target.

However, an important limitation emerged from these observations. Most human
studies were cross-sectional or observational and therefore unable to establish causality.
Although miR-21 consistently tracked with disease severity, fibrosis, and kidney dysfunc-
tion, such associations could not determine whether miR-21 was actively driving disease
progression or simply reflecting ongoing tissue injury. This uncertainty would later become
central to the interpretation of the negative lademirsen trial results and remains one of the
key unresolved questions in the field.

4.3. Biomarker Studies and Clinical Correlates

As enthusiasm surrounding miR-21 continued to grow, attention gradually shifted
from its biological role toward its potential clinical utility. Unlike many candidate biomark-
ers that require invasive tissue sampling, miR-21 could be detected in multiple readily
accessible biological compartments, including plasma, urine, and urinary extracellular
vesicles. This raised the possibility that molecular processes occurring within the kidney
might be monitored non-invasively, offering an attractive alternative to repeated kidney
biopsies [31,32].

The emergence of extracellular vesicle research further strengthened interest in miR-
21. Because these vesicles originate from renal cells and carry molecular cargo reflecting
ongoing cellular activity, they were increasingly viewed as a form of “liquid biopsy” capable
of capturing disease-related molecular changes. Within this framework, miR-21 became
one of the most extensively investigated miRNAs in urinary vesicles, linking experimental
observations with clinically accessible biomarkers [33].

However, the growing biomarker literature also exposed an important paradox. The
very characteristics that made miR-21 attractive, its sudden induction across diverse forms
of kidney injury and its detectability in multiple biological fluids, also limited its specificity.
MiR-21 is dysregulated in cardiovascular disease, malignancy, metabolic disorders, and
numerous inflammatory conditions, raising concerns that elevated levels may reflect a
generalized injury response rather than a kidney-specific pathogenic process. So, attention
gradually shifted from the use of miR-21 as a standalone marker toward its incorporation
into multimarker and extracellular-vesicle–based signatures [34].

This distinction proved particularly important in retrospect. While biomarker studies
consistently demonstrated that miR-21 tracked disease activity, they could not establish
whether the molecule occupied a causal position within CKD progression. The assumption
that a strong biomarker necessarily represents an effective therapeutic target would later
be challenged by the clinical experience with lademirsen, highlighting the fundamental
difference between biological association and therapeutic vulnerability.

5. Therapeutic Targeting of miR-21: Preclinical Success
5.1. Anti-miR-21 Oligonucleotides

The consistent association of miR-21 with renal fibrosis and disease progression en-
couraged the development of therapies designed to inhibit its activity. Unlike conventional
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small-molecule drugs, anti-miR therapies are designed to bind mature microRNAs and
prevent their interaction with downstream targets. Advances in oligonucleotide chemistry
substantially improved stability and tissue exposure, allowing sustained inhibition of miR-
21 after systemic administration and making therapeutic microRNA silencing a realistic
clinical strategy [35,36].

Among the compounds developed for kidney disease, lademirsen (RG-012, later
SAR339375) became the most advanced anti-miR-21 candidate. The drug was specifically
designed to inhibit miR-21 activity within renal tissue and was initially developed for
Alport syndrome, a rare genetic kidney disease characterized by progressive fibrosis and
loss of kidney function. Because miR-21 expression is markedly increased in both human
Alport syndrome and experimental disease models, the condition was considered an
attractive setting for proof-of-concept evaluation of microRNA-targeted therapy [37,38].

Early preclinical studies demonstrated effective suppression of renal miR-21 activity
together with restoration of metabolic pathways, attenuation of fibrosis and preservation
of kidney function [27]. All of these findings generated considerable enthusiasm and
established anti-miR-21 therapy as one of the first RNA-based therapeutic approaches to
reach clinical development in nephrology.

5.2. Effects in Experimental CKD

The enthusiasm surrounding anti-miR-21 therapy was driven not only by consistent
target engagement but also by the breadth of biological effects observed across experimen-
tal models of CKD. Unlike interventions directed at a single signaling pathway, miR-21
inhibition appeared to influence several interconnected processes that collectively drive
disease progression, including fibrosis, inflammation, oxidative stress, and metabolic dys-
function. This multimodal activity was particularly attractive in CKD, where progressive
nephron loss results from the interaction of numerous pathogenic mechanisms rather than
a single dominant pathway [5,39].

One of the most reproducible findings was attenuation of renal fibrosis. Across models
of diabetic kidney disease, unilateral ureteral obstruction, and hereditary nephropathies,
suppression of miR-21 reduced extracellular matrix accumulation, decreased collagen
deposition and limited activation of myofibroblasts. These effects were largely attributed
to restoration of antifibrotic pathways normally suppressed by miR-21, including PTEN,
SMAD7, and regulators of cellular metabolism. Antifibrotic benefits were observed even
when treatment was initiated after kidney injury had already been established, suggesting
that miR-21 contributed to disease propagation rather than merely reflecting existing
damage [40].

Anti-miR-21 therapy also demonstrated significant anti-inflammatory effects. Exper-
imental studies showed reduced macrophage infiltration and lower expression of pro-
inflammatory mediators such as TNF-α, IL-1β, and NF-κB–associated signaling molecules
following miR-21 suppression. More recent work has further linked miR-21 activity to
the SPRY1/ERK/NF-κB axis, providing a mechanistic explanation for how miR-21 may
amplify inflammatory responses and thereby accelerate fibrotic remodeling. The observa-
tion that inhibition of a single microRNA could simultaneously attenuate both fibrosis and
inflammation strengthened the perception of miR-21 as a central regulatory node in CKD
progression [5,41]. Oxidative stress and mitochondrial dysfunction represented another
important component of the preclinical story. MiR-21 overexpression was associated with
impaired fatty acid oxidation, mitochondrial injury, and increased susceptibility of tubular
epithelial cells to chronic damage. Inhibition of miR-21 restored metabolic pathways in-
volved in energy homeostasis and reduced oxidative stress markers, supporting the concept
that miR-21 contributes to metabolic reprogramming during chronic kidney injury [16].
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The remarkable reproducibility of these results across diverse experimental settings
created the impression that miR-21 inhibition could modify core mechanisms of CKD pro-
gression. However, this apparent consistency should be interpreted with caution. Although
the experimental models differed in the initiating cause of kidney injury, many shared
important methodological characteristics, including early treatment initiation, genetically
homogeneous animals, controlled laboratory conditions, and reliance on histological or
survival endpoints rather than long-term clinical outcomes. The consistent efficacy ob-
served across these models may have reflected shared experimental design and disease
biology rather than demonstrating that miR-21 represents a universally indispensable
driver of CKD progression. This body of evidence ultimately laid the foundation for the
selection of Alport syndrome as the first clinical testing ground for anti-miR-21 therapy.
The principal preclinical studies differed in animal models, treatment regimens, timing of
intervention, background therapy, and study endpoints. A study-by-study comparison of
these investigations alongside the HERA clinical trial is presented in Table 1 to facilitate
direct comparison of the experimental designs and the potential factors contributing to the
translational gap.

5.3. The Alport Syndrome Story

Among the various forms of CKD in which miR-21 was found to be dysregulated,
Alport syndrome gradually emerged as the most attractive setting for clinical translation.
Unlike diabetic kidney disease or hypertensive nephropathy, Alport syndrome is caused by
pathogenic variants in COL4A3, COL4A4 or COL4A5 and follows a relatively predictable
disease course. This combination of a clearly defined molecular origin and progressive kid-
ney function decline created a favorable environment for testing novel disease-modifying
therapies. By the early 2020s, Alport syndrome had become a major focus of therapeutic
development, attracting approaches ranging from endothelin receptor antagonists and
SGLT2 inhibitors to gene-editing and RNA-based technologies [42–44].

The growing interest in RNA therapeutics further strengthened the rationale for select-
ing Alport syndrome as an initial clinical target. Advances in antisense oligonucleotides,
exon-skipping strategies, and other RNA-based platforms demonstrated that inherited
kidney diseases could potentially be modified at the transcript level, even when direct
correction of the underlying mutation remained challenging. Within this rapidly evolv-
ing field, miR-21 inhibition represented a fundamentally different strategy. Rather than
attempting to repair the causative genetic defect, it sought to interfere with downstream
pathways responsible for disease progression. This distinction was particularly appealing
because it offered a mutation-independent approach that could theoretically be applied
across different genetic forms of Alport syndrome [36,45].

Despite recognized uncertainties, including the inability of observational human
studies to establish causality and the limited specificity of miR-21 as a biomarker, clinical
development was considered justified. At the time, these uncertainties were not viewed as
sufficient to preclude clinical testing because the available evidence consistently suggested
that miR-21 contributed to pathways involved in disease progression rather than represent-
ing an isolated epiphenomenon. Moreover, therapeutic inhibition produced reproducible
benefits across multiple experimental models, a strong mechanistic rationale supported the
intervention, effective disease-modifying therapies for Alport syndrome were lacking, and
early clinical studies demonstrated an acceptable safety profile. Investigators considered
that the potential therapeutic benefit outweighed the remaining translational uncertain-
ties, while recognizing that only randomized clinical trials could ultimately determine
whether miR-21 represented a true therapeutic target rather than a disease-associated
biomarker [18,25].
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Table 1. Comparison of key preclinical anti-miR-21 studies and the HERA clinical trial, highlighting experimental design and potential factors contributing to
translational discrepancies.

Study Disease
Model

Anti-miR-21
Regimen Treatment Timing Background

Therapy
Primary

Endpoints
Main

Findings
Potential Factors

Influencing Translation

Gomez et al.,
2015 [18]

Col4a3−/− Alport
mice (129X1/SvJ)

Chemically modified
anti-miR-21 ASO; SC;

12.5–50 mg/kg
weekly or 25 mg/kg

twice weekly

Treatment initiated at
3.5 weeks of age,
before advanced

fibrosis

None

BUN, albuminuria, survival,
glomerulosclerosis,

crescents, tubulointerstitial
fibrosis, tubular injury,

inflammation

Preserved renal function,
reduced albuminuria,

glomerulosclerosis, fibrosis,
tubular injury and inflammation,

restored metabolic pathways,
and prolonged median survival

(76 vs. 108 days).

Homogeneous genetic model;
treatment initiated before

advanced fibrosis; controlled
experimental conditions; no

background standard-of-care
therapy

Kölling et al.,
2017 [20]

Streptozotocin-induced
diabetic nephropathy

(SV129 mice)

LNA-modified
anti-miR-21 (LNA-21);

administered at
weeks 2 and 5 after
diabetes induction

Early intervention
after confirmation of
hyperglycemia but

before advanced
nephropathy

None

Mesangial expansion,
interstitial fibrosis,

macrophage infiltration,
podocyte loss, albuminuria,

renal fibrotic and
inflammatory gene

expression

Reduced mesangial expansion,
tubulointerstitial fibrosis,
macrophage infiltration,

podocyte loss, and albuminuria.
Restored Cdc25a/Cdk6

expression and reduced fibrotic
and inflammatory gene

expression.

Prevention-oriented design in
an experimental diabetic model;

treatment before advanced
structural damage; no

concomitant standard CKD
therapy

Rubel et al.,
2022 [27]

Two Col4a3−/− Alport
mouse models (129/SvJ

and F1 hybrid)

Lademirsen;
24.5 mg/kg SC twice
weekly (129/SvJ) or
50 mg/kg SC weekly

(F1 hybrid)

Early intervention
before overt renal

dysfunction

Ramipril alone
or ramipril +
lademirsen

Survival, renal function
(BUN, proteinuria), fibrosis,

inflammation, miR-21
expression, renal
transcriptomics

Combination therapy produced
additive nephroprotective

effects beyond ACE inhibition
alone, improving survival, renal

function, proteinuria, fibrosis,
inflammation, and renal
transcriptomic profiles.

Early treatment in genetically
homogeneous models;

controlled environment;
additive benefit demonstrated

with ACE inhibition before
advanced disease

Gale et al., 2024
(HERA) [25]

Adults with genetically
confirmed Alport

syndrome (Phase 2
randomized,
double-blind,

placebo-controlled trial)

Lademirsen 110 mg
SC once weekly

Established CKD;
48-week double-blind

treatment

Stable ACE
inhibitor or

ARB therapy in
all participants

Annualized eGFR slope,
safety; secondary renal

outcomes

Lademirsen was well tolerated
but did not significantly slow

kidney function decline
compared with placebo. The
study was terminated early

for futility.

Established human CKD with
greater biological heterogeneity;
optimized background therapy;
clinically meaningful endpoint

(eGFR slope); treatment initiated
after disease establishment

rather than during early
pathogenesis.

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ASO, antisense oligonucleotide; BUN, blood urea nitrogen; CKD, chronic
kidney disease; eGFR, estimated glomerular filtration rate; LNA, locked nucleic acid; SC, subcutaneous.
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At the time lademirsen entered clinical development, the broader therapeutic land-
scape of Alport syndrome was also undergoing rapid transformation. Multiple experi-
mental programs were exploring transcript-targeted therapies, exon-skipping approaches,
gene replacement strategies, and surrogate endpoints designed to accelerate clinical trials.
Against this background, anti-miR-21 therapy was viewed not simply as another candidate
drug, but as one of the first opportunities to determine whether RNA-targeted interventions
could successfully alter the course of progressive kidney disease in humans. The HERA
program therefore represented more than a study of lademirsen itself; it became one of the
earliest clinical evaluations of a microRNA-targeted therapy in nephrology [36,38,43,44].

6. Clinical Translation: The Rise and Fall of Lademirsen
6.1. From Experimental Models to Human Trials

The development of lademirsen occurred during a period of growing optimism sur-
rounding RNA-based therapeutics. Advances in antisense oligonucleotides, small interfer-
ing RNAs, and messenger RNA technologies demonstrated that disease processes could be
modified at the transcript level, creating new opportunities for conditions in which con-
ventional pharmacological approaches had shown limited success. Kidney disease rapidly
became one of the fields attracting interest because progressive renal dysfunction is driven
by complex molecular networks that are often difficult to influence through single-target
interventions [46]. Among the various non-coding RNAs implicated in kidney disease,
miR-21 appeared particularly attractive from a translational perspective. Unlike many
candidate targets restricted to a single pathway, miR-21 occupied a central position within
interconnected networks regulating fibrosis, inflammation, mitochondrial homeostasis,
oxidative stress, and cellular metabolism. This raised the possibility that inhibition of
a single microRNA could simultaneously influence multiple mechanisms contributing
to CKD progression. Such a systems-based therapeutic strategy represented a marked
departure from traditional drug development, which had largely focused on individual
receptors, enzymes, or cytokines [46,47].

Earlier generations of RNA therapeutics were limited by rapid degradation, poor
tissue penetration, and concerns regarding long-term safety. Over the last decade, chemical
modifications substantially improved nuclease resistance, pharmacokinetic stability, and
tissue exposure, transforming antisense-based therapies from experimental tools into
clinically viable drug platforms. The success of RNA-targeted treatments in several rare
genetic disorders strengthened confidence that similar approaches could be applied to
chronic kidney diseases [48,49].

At the same time, the broader field of microRNA therapeutics was maturing. Several
candidate compounds had entered clinical development across oncology, cardiovascular
medicine, infectious diseases, and inherited disorders. Although clinical progress remained
slower than initially anticipated, these programs demonstrated that sustained modulation
of disease-associated microRNAs was feasible in humans. They also highlighted challenges
that would later become highly relevant in nephrology, including target selection, tissue-
specific delivery, compensatory biological pathways, and the distinction between disease
drivers and disease-associated biomarkers [50,51].

Against this background, lademirsen emerged as one of the most advanced microRNA-
directed therapies in kidney disease. Its development reflected a broader belief that tar-
geting master regulators of cellular injury might provide greater therapeutic benefit than
inhibiting individual downstream pathways. By the time the HERA study was initiated,
anti-miR-21 therapy had become more than a potential treatment for Alport syndrome. It
represented one of the earliest opportunities to evaluate whether a microRNA-targeted
therapy could modify the course of progressive kidney disease in humans [25,27,46].
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6.2. The HERA Clinical Program

By the time lademirsen entered clinical development, Alport syndrome had become
one of the few inherited kidney diseases with sufficiently established standards of care,
well-defined genetic diagnosis, and predictable patterns of disease progression to support
interventional trials. Recent international recommendations also emphasized the rapid
evolution of the therapeutic landscape, with increasing interest in disease-modifying
strategies capable of delaying kidney failure beyond conventional renin–angiotensin system
blockade. Alport syndrome provided a unique opportunity to evaluate whether targeting
a shared downstream pathway could complement, rather than replace, mutation-specific
approaches [52].

Lademirsen was designed to interrupt the maladaptive molecular response that devel-
ops after the primary genetic defect has already initiated chronic injury. This represented
an important conceptual shift. The underlying assumption was that progressive fibrosis,
inflammation, and metabolic dysfunction might eventually become partially independent
of the initiating mutation, allowing a single anti-miR-21 therapy to benefit patients across
different genetic forms of Alport syndrome. Such a mutation-independent strategy distin-
guished lademirsen from many other investigational therapies under development at the
time [18,27].

The HERA trial was consequently designed not simply to evaluate a new drug, but to
test whether modulation of a regulatory microRNA could produce clinically meaningful
benefit in human kidney disease. Adults with genetically confirmed Alport syndrome
receiving optimized background therapy were randomized in a 2:1 ratio to weekly sub-
cutaneous lademirsen (110 mg) or placebo in a double-blind, placebo-controlled phase 2
trial. The study enrolled 43 participants, included a 48-week double-blind treatment period
followed by a 48-week open-label extension, and evaluated safety together with the annual-
ized rate of eGFR decline as co-primary endpoints. Unlike many early RNA-based clinical
programs that primarily focused on pharmacokinetics or biomarker modulation, HERA
adopted the annual rate of eGFR decline as its principal efficacy endpoint, reflecting the
expectation that successful target inhibition should ultimately translate into preservation
of kidney function rather than molecular target engagement alone [25].

The study attracted considerable attention because it represented one of the earliest
opportunities to determine whether sustained inhibition of a disease-associated microRNA
could modify the natural history of a chronic fibrotic kidney disease. As later highlighted
in expert commentaries, HERA provided important clinical experience with microRNA-
targeted therapy in nephrology that extended beyond the evaluation of lademirsen itself.
Regardless of its outcome, the study generated valuable insights into the challenges of
translating RNA-based therapies from experimental models to clinical practice.

6.3. Clinical Outcomes and Trial Termination

The publication of the HERA trial results in 2024 marked an important turning point for
RNA therapeutics in nephrology. After years of encouraging experimental data, lademirsen
became one of the first microRNA-directed therapies to undergo randomized evaluation
using kidney function decline as a clinically meaningful endpoint. Expectations were
high because preclinical studies had consistently demonstrated reductions in fibrosis,
preservation of renal architecture, and prolonged survival across several models of Alport
syndrome [7,25]. The trial did not meet either of its co-primary objectives. Lademirsen
failed to slow the annualized rate of eGFR decline compared with placebo, while no
clinically meaningful differences were observed in secondary efficacy outcomes.

All clinical findings were unequivocally negative. Lademirsen was generally well
tolerated, with an acceptable overall safety profile and no unexpected treatment-related
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toxicities. Most adverse events were mild to moderate and reflected the underlying disease
population rather than a specific safety signal associated with anti-miR-21 therapy. How-
ever, favorable tolerability was not accompanied by clinical efficacy. The annual rate of
eGFR decline was nearly identical in the lademirsen and placebo groups, and no significant
differences were observed in kidney function at any study visit or in the proportion of
patients reaching predefined thresholds of renal function loss. Also, treatment did not
produce convincing improvements in secondary efficacy measures that would suggest
delayed disease progression [25]. An analysis performed according to the predefined
study protocol demonstrated a very low probability that continued enrollment or longer
follow-up would alter the primary outcome. On the basis of these findings, the indepen-
dent data monitoring process concluded that the study met futility criteria, and clinical
development of lademirsen for Alport syndrome was discontinued before progression
to a phase 3 trial. Importantly, the decision reflected lack of therapeutic benefit rather
than unacceptable toxicity, distinguishing HERA from many previous drug development
failures in nephrology [25].

The implications of HERA extended well beyond a single investigational therapy.
Because lademirsen represented one of the most advanced microRNA-based drug pro-
grams in kidney disease, the negative outcome prompted broader reconsideration of how
preclinical discoveries should be translated into human trials. Rather than being interpreted
simply as the failure of one compound, the HERA trial has been viewed as an opportunity
to identify potential limitations of current translational strategies and to generate hypothe-
ses that may inform future RNA-based therapeutic development. Subsequent editorials
emphasized that the greatest contribution of the trial may lie not in demonstrating efficacy,
but in clarifying the biological and clinical questions that must be addressed before similar
therapies can be successfully developed [7,53].

6.4. Why Did Translation Fail?

The negative outcome of the HERA trial raised a fundamental question that extends far
beyond lademirsen itself. The biological rationale appeared convincing, target engagement
was supported by extensive experimental work, and the therapy demonstrated an accept-
able safety profile. Yet none of these strengths translated into measurable preservation of
kidney function. The available evidence suggests that several biological and translational
factors likely converged to limit clinical efficacy [7,25].

One important consideration is the distinction between disease association and disease
causality. MiR-21 is consistently upregulated in virtually every major form of chronic kid-
ney injury and correlates closely with fibrosis, proteinuria, and declining kidney function.
However, molecules that reliably reflect disease severity are not necessarily indispensable
drivers of disease progression. Persistent miR-21 expression may therefore represent an
adaptive or secondary response to ongoing tissue injury rather than a molecular depen-
dency that remains therapeutically reversible in established CKD [15,26,28].

Another explanation relates to the biological complexity of progressive renal fibrosis.
Experimental studies often identified miR-21 as a key regulatory hub because its inhibition
simultaneously influenced multiple downstream pathways, including TGF-β signaling,
inflammation, mitochondrial metabolism, and oxidative stress. This broad biological
activity initially suggested that targeting miR-21 might modify several core mechanisms
of CKD progression simultaneously. However, regulation of multiple pathways does not
necessarily mean that miR-21 functions as an indispensable upstream driver of disease.
Rather, it appears to operate as one component of a highly interconnected profibrotic
network in which several parallel signaling pathways can compensate when a single
regulator is inhibited. In patients with advanced chronic kidney disease, these networks
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become increasingly redundant, allowing disease progression to continue despite successful
modulation of one molecular target. Recent reviews of kidney fibrosis have increasingly
highlighted this network-level redundancy as a major obstacle for precision therapies
targeting single molecular regulators [5,16,24].

The timing of intervention may also have influenced therapeutic efficacy. Most pre-
clinical studies initiated anti-miR-21 treatment relatively early, when fibrosis remained
partially reversible and substantial nephron mass was preserved. By contrast, participants
enrolled in HERA already demonstrated progressive kidney dysfunction despite optimized
standard therapy, suggesting that irreversible structural injury had already developed.
Once extensive extracellular matrix remodeling and nephron loss become established,
modulation of a single regulatory microRNA may be insufficient to restore renal function,
even if target inhibition is biologically successful. This concept is increasingly recognized
across CKD drug development, where therapeutic windows may be substantially narrower
than initially anticipated [7,25].

Several methodological differences between the preclinical studies and the HERA trial
further complicate direct translation of experimental findings into clinical benefit. Most
animal studies used genetically homogeneous models, initiated treatment during the early
stages of disease, and evaluated histological changes, fibrosis, or survival under tightly
controlled experimental conditions. In contrast, HERA enrolled adults with established
Alport syndrome receiving optimized background renin–angiotensin system blockade
and evaluated annualized eGFR decline as its primary clinical endpoint. Differences in
disease stage, treatment timing, background therapy, outcome measures, and biological
heterogeneity may all have reduced the likelihood that the robust effects observed in
experimental models would translate into measurable clinical benefit.

The HERA experience highlights challenges in translating promising findings from
animal models into clinical benefit in Alport syndrome. Whether similar limitations apply
across other CKD etiologies and RNA-based therapies remains to be established. Murine
models of Alport syndrome are genetically homogeneous, develop disease over a com-
pressed time course, and lack many of the biological and environmental modifiers present
in patients. Human disease is considerably more heterogeneous, with variation in ge-
netic background, disease stage, concomitant therapies, and adaptive molecular responses.
Consequently, interventions capable of producing robust effects in experimental systems
may generate only modest or clinically undetectable benefits in heterogeneous patient
populations. The experience with lademirsen therefore reinforces the need for translational
strategies that incorporate human molecular profiling, predictive biomarkers, and earlier
patient stratification before large efficacy trials are undertaken [7,25,54].

6.5. Was miR-21 the Wrong Target or the Wrong Strategy?

The disappointing outcome of the HERA trial inevitably raised questions about the
therapeutic relevance of miR-21. However, interpreting the negative results as evidence
that miR-21 is an invalid therapeutic target would likely represent an oversimplification.
The biological evidence accumulated over more than a decade consistently identifies miR-
21 as an important regulator of fibrosis, inflammation, oxidative stress, and metabolic
dysfunction across multiple experimental models of kidney disease. These observations
remain valid despite the failure of a single clinical program [18,55].

A more plausible interpretation is that the therapeutic strategy, rather than the molec-
ular target itself, may have been insufficient to overcome the complexity of established
chronic kidney disease. Progressive renal fibrosis is increasingly understood as a self-
sustaining network of interconnected signaling pathways rather than the consequence of a
single dominant molecular driver. Within such biological networks, individual regulators
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may function as highly connected hubs without representing indispensable bottlenecks.
Successful inhibition of one pathway may produce measurable molecular effects while
having only limited influence on the overall trajectory of disease progression because
parallel profibrotic circuits continue to maintain tissue injury. These challenges are not
unique to miR-21. Other microRNAs linked to CKD, such as miR-223, also show different
expression patterns in kidney tissue and blood, illustrating the complexity of microRNA
biology. This further emphasizes that promising biological findings do not always translate
into successful therapies [56]. This systems-level view has become increasingly prominent
in recent discussions of kidney fibrosis and RNA therapeutics [46,55].

The HERA experience also emphasizes that target engagement should not be con-
sidered synonymous with clinical efficacy. Modern RNA therapeutics are capable of
achieving sustained suppression of their intended molecular targets, yet effective modula-
tion of gene expression does not necessarily translate into preservation of organ function.
In chronic diseases characterized by irreversible structural remodeling, the relationship
between molecular correction and clinical benefit is likely to be nonlinear. By the time
extensive nephron loss and extracellular matrix remodeling have occurred, eliminating one
pathogenic signal may simply be insufficient to reverse the biological momentum of disease.
Similar translational challenges have been recognized across several RNA-based therapeu-
tic programs beyond nephrology, highlighting that delivery, timing, tissue accessibility, and
disease stage may be as important as target selection itself [35,57].

Rather than discouraging further development of microRNA-directed therapies, the
HERA trial may instead redefine the conditions under which these interventions are most
likely to succeed. Future studies may benefit from prioritizing earlier stages of disease,
when fibrotic remodeling remains biologically modifiable, integrating molecular biomark-
ers to identify patients with active target pathways, and incorporating evidence of renal
target engagement whenever feasible. Equally important, RNA-based therapies may
ultimately prove most effective as components of combination treatment strategies along-
side established disease-modifying agents, including renin–angiotensin system inhibitors,
SGLT2 inhibitors, and endothelin receptor antagonists. Such an approach recognizes that
CKD is driven by highly interconnected biological networks, making coordinated modula-
tion of multiple pathogenic pathways more realistic than expecting durable benefit from
inhibition of a single molecular regulator [35,58,59].

One important lesson from the lademirsen program is that miR-21 may not have
been the wrong target, but that successful translation requires more than identifying a
biologically relevant molecule. The HERA experience suggests that future RNA-based
therapeutic development may benefit from integrating molecular biology with disease
timing, patient selection, target validation, and systems-level understanding of chronic
kidney disease. In this context, HERA should be viewed not as the endpoint of miR-21
research, but as a pivotal experiment that has refined the translational roadmap for the next
generation of RNA-based therapies [60].

7. Reassessing the Role of miR-21 in CKD
The clinical failure of lademirsen has not diminished the biological importance of

miR-21, but it has prompted a reassessment of how its role in CKD is interpreted. Early
experimental studies largely portrayed miR-21 as a master regulator of renal fibrosis whose
inhibition might substantially alter disease progression. More recent evidence, however,
supports a more nuanced view. Rather than acting as an isolated pathogenic switch, miR-21
appears to function within a broader regulatory landscape composed of multiple interacting
non-coding RNAs and signaling pathways that collectively govern inflammation, fibrosis,
cellular metabolism, and tissue repair. Large-scale analyses of miRNA profiling studies
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have demonstrated that CKD is characterized by coordinated dysregulation of numerous
microRNAs, emphasizing that disease progression reflects complex regulatory networks
rather than dependence on a single molecular mediator [61,62]. This shift in perspective has
important implications for translational research. The consistent upregulation of miR-21
across diverse CKD phenotypes confirms its biological relevance, yet biological relevance
alone does not necessarily confer therapeutic dominance. Molecules occupying central
positions within regulatory networks may contribute substantially to disease pathogenesis
while remaining insufficient as standalone therapeutic targets because parallel pathways
can compensate when a single node is inhibited. The HERA trial therefore challenges
not the pathogenic significance of miR-21 itself, but the assumption that modulation of
one regulatory microRNA is sufficient to alter the course of an established, multifactorial
chronic disease.

At the same time, the clinical value of miR-21 may extend beyond direct therapeu-
tic inhibition. Increasing evidence suggests that miRNAs achieve greater clinical utility
when incorporated into multimarker signatures rather than evaluated individually. Meta-
analyses indicate that combined miRNA panels consistently outperform single microRNAs
for CKD detection and risk stratification, particularly when urinary biomarkers are inte-
grated with conventional clinical parameters. Within this framework, miR-21 may remain
an important component of future molecular profiling strategies even if it is not used as an
isolated therapeutic target [63,64].

The field is increasingly moving beyond searching for individual “master molecules”
toward understanding coordinated regulatory networks that vary across disease stages,
renal cell populations, and clinical phenotypes. In this context, the legacy of HERA is not
the abandonment of miR-21, but a more realistic appreciation of how RNA biology should
be translated into clinical practice. Future advances will likely depend less on identifying
additional dysregulated microRNAs and more on defining which regulatory networks
remain therapeutically actionable in specific patient populations.

8. Conclusions
MicroRNA-21 remains one of the best-studied molecular regulators of chronic kidney

disease, but the experience with lademirsen has changed how its therapeutic potential
should be viewed. The HERA trial showed that a strong biological rationale and convincing
preclinical results do not necessarily translate into clinical benefit. At the same time, it
reinforced an important distinction between molecules that are associated with disease
progression and those that remain effective therapeutic targets in established CKD. Rather
than closing the chapter on miR-21, HERA has provided valuable insight into the challenges
of developing RNA-based therapies for kidney disease. Future progress may depend on
earlier intervention, better patient selection, reliable biomarkers, and treatment strategies
that account for the complexity of CKD rather than focusing on a single molecular pathway.
The story of miR-21 may therefore be viewed not as one of failure, but of refinement. The ex-
perience gained from the HERA trial provides valuable insights that may inform the future
development and evaluation of RNA-based therapies in CKD and other chronic diseases.
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