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Abstract: The let-7 family is among the first microRNAs found. Recent investigations have indicated
that it is highly expressed in many systems, including cerebral and cardiovascular systems. Numerous
studies have implicated the aberrant expression of let-7 members in cardiovascular diseases, such as
stroke, myocardial infarction (MI), cardiac fibrosis, and atherosclerosis as well as in the inflammation
related to these diseases. Furthermore, the let-7 microRNAs are involved in development and
differentiation of embryonic stem cells in the cardiovascular system. Numerous genes have been
identified as target genes of let-7, as well as a number of the let-7’ regulators. Further studies are
necessary to identify the gene targets and signaling pathways of let-7 in cardiovascular diseases and
inflammatory processes. The bulk of the let-7’ regulatory proteins are well studied in development,
proliferation, differentiation, and cancer, but their roles in inflammation, cardiovascular diseases,
and/or stroke are not well understood. Further knowledge on the regulation of let-7 is crucial for
therapeutic advances. This review focuses on research progress regarding the roles of let-7 and their
regulation in cerebral and cardiovascular diseases and associated inflammation.
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1. The let-7 Family and Inflammation

The let-7 family of microRNAs is one of the earliest originally discovered microRNAs.
When several isoforms were identified in C. elegans in 2000 [1], the miR was named lethal-7
(let-7) because its knockout was lethal during development [2]. The discovery of let-7, along
with lin-4 [3], opened much of the current field of miR research. To date, 12 genetic loci
have been identified as origination sites of let-7 in humans [3], while mice have 3 [4] and
drosophila have 1 [5]. In humans and mice, 10 of the let-7 microRNAs (miRs) are present
(let-7a, b, c, d, e, f, g, i, and miR-98 and miR-202) [3]. However, in spite of the multiple sites
of origin, all let-7 miRs begin as pre-pro let-7 transcripts and are then processed through
the Drosha pathway [6]. Throughout miRNA biogenesis, after Dicer cleavage, one of the
strands is loaded into an RNA-induced silencing complex (RISC) as mature miR. The other
strand, which is labelled as the “star strand”, is typically degraded [7,8], though for certain
miRs, both strands are preserved and are loaded into RISC as mature forms. In such an
instance, the mature miR is called, for example, with let-7a miR, as let-7a-5p and let-7a-3p or
let-7a and let-7a*, respectively. Despite being present in many different genetic regions, all
final let-7 miRs are similar in length, differing by only 0–3 nucleotides (Figure 1), although
their functions differ significantly in protein translation and physiological function.

As one of the first miR families discovered, much has been investigated about the
multiple roles that the let-7 family plays within the body. Numerous studies have linked
let-7 miRs to many processes, from cell proliferation [9,10] and bone remodeling [11] to
cardiac output [12]. However, across many tissues and conditions, miRs from the let-7
family appear to be particularly involved in the signals involved in the growth and stress
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responses of many types of cells, particularly after extracellular insults. Consequently,
many let-7 miRs confer significant impact on the regulation of inflammatory processes,
including within the central nervous system (CNS). To date, all nine constituent members
of the let-7 family have been linked to regulation of vascular function and neurological
outcomes. For example, upregulation of let-7a and let-7c has been associated with protection
from ischemia [13], improved responses to spinal cord ischemia/reperfusion [14], and
protection from neuroinflammation [15]. In particular, let-7a can induce a significant
effect on vascular function, as it appears to regulate post-stroke angiogenesis through
a transforming growth factor beta 3 (TGF-β3)-dependent mechanism [16]. By contrast,
post-insult expression of let-7b, which differs from let-7a by a single nucleotide, is associated
with greater vascular damage, including in ischemic heart tissue following myocardial
infarct (MI) [17]. Furthermore, its expression remains elevated for weeks after multiple
forms of ischemic injury, including large and small vessel stroke and cardiac embolism [18].
In fact, the elevated presence of let-7b is considered strongly predictive of poor outcome
following ischemic stroke [19,20]. Such differences underscore the complexity of let-7’s
role in modulating vascular responses following inflammation and underly some of the
difficulty in correcting let-7 expression following insult.
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Two members of the let-7 family, let-7g* and miR-98, were shown to be critical for
modulating the vascular response to hypoxia. Both miRs were significantly downregulated
during hypoxic events in vitro and in whole animal models. More significantly, restoration
of endogenous levels of let-7g* and miR-98 expression appears to prevent a significant
degree of damage from ischemia and stroke and to improve functional recovery [21–24].
The strong neuroprotective effect of increased miR-98 and let-7g* expression was observed
even when such treatments are given 24 h after ischemia/reperfusion [21,23,25]. Upon
restoration of endogenous miR-98 or let-7g* expression, researchers have noted preservation
of blood–brain barrier (BBB) integrity, reduction of pro-inflammatory cytokine release,
prevention of immune cell infiltration into the infarcted region, and an overall decrease in
the size of the ischemic penumbra, leading to improved behavioral outcomes [21,23,25].

In addition to mir-98 and let-7g*, other members of the let-7 family have been shown to
produce various neuroprotective or neuroinflammatory roles following various CNS insults.
let-7i expression is somewhat correlated with the impact of reperfusion injury, and its
expression is strongly correlated with preservation and recovery of post-stroke function [26].
This may be due to its role in regulating leukocyte attachment and recruitment to the brain
endothelium [27], along with its importance in other mechanisms of endothelial self-
repair [28]. let-7c is critical for mediating both the recruitment of immune cells to ischemic
tissue [19] as well as the activation of multiple repair pathways within the endothelium [20].
While the above-mentioned let-7 miRs demonstrate anti-inflammatory and protective

https://www.genome.jp/tools-bin/clustalw
https://www.genome.jp/tools-bin/clustalw


Biomedicines 2021, 9, 606 3 of 18

characteristics, let-7e has been shown to be an early proinflammatory marker of hypoxic
damage, and it may further propagate damage [29,30].

The anti- and pro- inflammatory pathways regulated by let-7 miRs are not confined to
the CNS. let-7i has been associated with wound repair across many cell types, due in part to
interactions with progesterone [31]. let-7c has been shown to be associated with regulation
of dental inflammation through extracellular matrix (ECM)-specific mechanisms [32]. let-7d
is involved in recovery from hypoxia in cardiac tissue and offers therapeutic potential
for treating the aftermath of MI [33] by stimulating proliferation and activating survival
pathways in cardiac cells. let-7g shows similarly strong potential for stimulating cell
repair within ischemic heart and vascular tissue [34] and has been shown to promote
angiogenesis through activation of vascular endothelial growth factor (VEGF)-mediated
signaling following insult [34,35].

Taken together, the let-7 family appears critical for the progression of inflammation.
However, its individual members can have significant and sometimes contradictory impacts
on such processes. One possible explanation is the timeline in which expression occurs.
Certain let-7 family members such as let-7a and let-7e are associated with early inflammatory
and pre-apoptotic pathways, while others such as let-7i and let-7f are involved in later
phases of transcription and downstream elements of apoptosis (Figure 2). In the following
section, we further expand on the particular regulatory elements of let-7 miRs and why the
timeline of expression of these miRs and subsequent impact on cytokine and chemokine
release appear to have such high variability.
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1.1. let-7 miRNAs, Cell Division, and Vascular Function
let-7 is critical for prenatal development. It appears soon after fertilization, where it

is responsible for mediating blastocyst attachment to uterine spiral arteries. Even from
the beginning, let-7 miRs work as clipping signals, minimizing the proliferation of non-
adherent cells through suppression of transcription factors [2], thereby allowing only
attached cells to grow. For this reason, let-7 was named “lethal-7”, because its absence
leads to uncontrolled cellular proliferation, preventing development into a viable embryo.
This silencing-type role continues throughout later stages of embryonic development [36].
After the first trimester, let-7 miRs are critical for the differentiation of different organs
by arresting the proliferation of non-needed cells, functioning as a “stop” sign in many
tissues, including lung [37], brain [36], heart, and vascular tissue [38]. In particular, let-7
provides critical control of the length of the DNA replication phase in neural stem cells,
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thereby regulating the growth of the CNS from the first trimester through birth [39–41].
This critical regulation of cellular differentiation appears to be conserved across species;
let-7 is also necessary for differentiation in rodents [41] and invertebrates [5].

let-7’s role in the vascular system begins from day 1, as it is subject to regulation
by chemokines secreted by endothelial cells (EC) within the uterus [2]. let-7 expression
is critical for maintaining the integrity of endothelial cells, and its normal expression
is considered critical for maintenance of the blood–brain barrier in the face of ischemic
disease [26]. These processes are not confined to periods of stress; let-7 is also critical
for maintenance of endothelial cell walls. In normal functioning, let-7 is responsible
for transducing fibroblast growth factor (FGF) signaling into changes to TGF-β within
endothelial cells, thereby limiting proliferation [42,43] in non-damaged blood vessels. let-7g
has been shown to reduce EC inflammation and monocyte adhesion [21,23,24,44], diminish
EC senescence, and play a role in controlling arterial stiffness and aging [45,46]. The
strong effect of let-7 on vascular health and angiogenesis underscores its role in recovery
from stroke and other vascular diseases processes, such as myocardial infarction [12,36].
However, let-7’s critical role in regulating EC division also makes the miR family a critical
regulator of disorders of cell proliferation, such as cancer.

1.2. let-7’s Role in Cancer and Angiogenesis
In virtually all forms of cancer, continual tumor growth requires altered and abnormal

angiogenesis [47]. Without additional vascular collaterals, tumor masses are unable to grow
to larger than 1 mm in size [47]. Hence, as a critical regulator of angiogenesis, let-7 is one of
the most important elements in controlling the progression of cancer. Normal physiological
levels of let-7 effectively suppress abnormal angiogenesis and prevent tumor growth [48].
Conversely, suppression of let-7 expression is a hallmark of most forms of cancer [49].
Moreover, tumors with lower tissue levels of let-7 proliferate significantly faster than those
with higher let-7 expression [48,50]. Consequently, lower levels of let-7 are associated with
more aggressive growth and poor prognosis in cancer patients [51]. Perhaps most critically,
restoration of let-7 has been shown to have strong anticancer properties. This has led to it
being classified as a tumor suppressor [52], as well as a promising target for future cancer
therapies [53].

The inverse relationship between tissue expression of let-7 and cell growth can be
attributed in large part to actions on the vasculature. First, in patients with leukemia and
lymphoma, let-7 expression correlated inversely with the spread of the disease [54]. It
has also been shown that reductions in let-7 lead to more abnormal angiogenesis [55] and
weaken vascular wall integrity [1]. Such effects may be combinatory and lead to greater
inflammation, particularly IFNγ-mediated increases in cell aggregation [56], which can
further exacerbate oxidative stress in the area and promote abnormal growth.

let-7 is considered a tumor suppressor gene, due in large part to its normal physiologi-
cal role in arresting development. In many tissues, including vasculature, lung, and liver,
proliferation is arrested by the presence of let-7 miRNA. Currently, the let-7 miRs have been
associated with cancer. Part of this relationship is physical; let-7 binds to coding regions
and untranslated regions (UTRs) of genes critical for DNA replication such as programmed
cell death ligand 1 (PD-L1) [53] and high mobility group AT-hook 2 (HMGA2) [57], as
well as apoptotic genes such as caspase 3 [58], B-cell CLL/lymphoma (BCL) [59,60], and
caspase 8 [61].

Recently, researchers have determined the bidirectional nature of let-7 and cancer.
miR-98 overexpression has been shown to reduce proliferation in many cells [62]. Its
effect is particularly strong in endothelial cells, accounting for most forms of proliferative
control [63,64]. It appears to regulate endothelial cell growth through multiple mecha-
nisms, although a critical pathway of control is propagated through interactions with
VEGF/Argonaute RISC component (AGO) pathway [36,65,66]. On the list of let-7 targets
are genes controlling cell signaling and cell cycle as well as differentiation. In some cases,
let-7s are labelled as tumor suppressors because they reduce cancer aggressiveness. Nev-
ertheless, in sporadic conditions, let-7 acts as an oncogene, accelerating cancer migration,



Biomedicines 2021, 9, 606 5 of 18

invasion, and chemoresistance due to expression of genes associated with progression
and metastasis. For these reasons, let-7s might be considered as potential diagnostic and
prognostic markers and therapeutic targets for cancer treatment [67].

2. Regulation of let-7 Expression

let-7 miRs are evolutionarily conserved across species and play essential roles in
many biological processes due to their pluripotency, such as in differentiation, growth,
proliferation, self-renewal, development, and diseases. Due to the broad effects of let-7
and any dysregulation leading to disease physiology, it is necessary to tightly control let-7
expression. Therefore, it is critical to recognize what, where, and how let-7 expression is
regulated throughout its maturation process. let-7, as with any other miR, can be regulated
transcriptionally and post-transcriptionally throughout the maturation process. miR (let-7)
biogenesis and maturation are largely dependent on Drosha in the nucleus for primary
microRNA (pri-miRNA), Dicer for precursor microRNA (pre-mRNA), and RISC for mature
miRNA in the cytoplasm. Due to the complexity of miRNA biogenesis, its expression
level can be regulated at different steps. miRNA can be regulated at transcription or post-
transcription. Here, we discuss some known positive and negative protein regulators of
let-7 expression at different stages (Table 1).
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Table 1. let-7 regulators.

Regulatory Protein let-7 Family
Pri-let-7 (nucleus-Drosha) or
Pre-let-7 (cytoplasm-Dicer) or

Mature let-7 (RISC)
Promote or Suppress Mechanism References

DAF-12 let-7 family Transcriptional/pri-let-7 Promote/Suppress

1. Unliganded DAF-12 represses let-7 and liganded DAF-12
promotes let-7 transcriptionally through binding to
pri-let-7 3′-UTR

2. Pri-let-7s synthesis

[1,68,69]

MYC let-7a, 7d, 7f, 7g Transcriptional/pri-let-7 Suppress MYC represses let-7 at the upstream promoter region [70,71]

LIN42 let-7 family (let-7a, 7b homologs) Transcriptional/pri-let-7 Suppress Suppresses let-7 transcriptionally by binding to the
pri-let-7 3-UTR [1,72,73]

LIN28A-TUTases4/7 let-7a, 7b, 7d, 7g, 7i Pri-let-7/Pre-let-7 Suppress Represses let-7s through TUTase-dependent uridylation
of pre-let7s [74–80]

LIN28B let-7a, 7d, 7f, 7g, 7i Pri-let-7 Suppress Represses let-7s by sequestering pri-let-7s into the nucleolus [79,81]

TUTases2/4/7 let-7a, 7b, 7d, 7f, 7g, 7i, miR-98 Pre-let-7 Promote Promotes let-7s by mono-uridylating group II pre-let-7s, which
enhances Dicer processing [82]

FHIT let-7a, 7b, 7d, 7f, 7g Pri-let-7 Suppress Induces LIN28B leading to suppression of let-7s through
Lin28/Let-7 axis [83,84]

MUC1-C let-7c Pri-let-7 Suppress
Translocates into the nucleus and interacts with NF-κB to
activate Lin28B, leading to let-7s repression through
Lin28/Let-7 axis

[85–87]

MSI1 let-7b, 7g, miR-98 Pri-let-7 Suppress
1. Can bind to target pri-let-7s 3′-UTR to repress transcription
2. Recruits LIN28 to the nucleus and represses let-7s through

Lin28/Let-7 axis
[88]

SSB let-7a, 7b, 7c, 7d, 7e, 7f, 7g, 7i Pri-let-7 Suppress Enhances LIN28B transcription and represses let-7s through
Lin28/Let-7 axis [89–91]

TRIM25 let-7a Pre-let-7 Suppress A cofactor for Lin28A/TUTase4-mediated uridylation [77,78,92]

TRIM71 let-7a, 7b, 7c, 7d, 7e, 7f, 7g, 7i,
miR-98 Pre-let-7/Mature let-7 Promote 1. Negatively regulates Lin28B through polyubiquitination

2. Degradation of Ago2
[93–96]

TTP Let-7a, 7b, 7f, 7g Pre-let-7 Promote Downregulates LIN28A through binding to its AREs [97,98]

YAP let-7a Pri-let-7 Suppress YAP translocates into the nucleus and sequesters DDX17 and
interferes with Drosha processing [99,100]

ADAR1 let-7a, 7d, 7e, 7f; let-7 family Pri-let-7/Pre-let-7 Promote Enhances Drosha and Dicer processing through direct interactions [101–106]

hnRNPA1 let-7a Pri-let-7 Suppress 1. Direct binding to pri-let-7
2. Reduces Drosha processing

[107–110]
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Table 1. Cont.

Regulatory Protein let-7 Family
Pri-let-7 (nucleus-Drosha) or
Pre-let-7 (cytoplasm-Dicer) or

Mature let-7 (RISC)
Promote or Suppress Mechanism References

KSRP let-7a Pri-let-7/Pre-let-7 Promote 1. Direct binding to pri-let-7 and pre-let-7
2. Enhances Drosha processing

[109,111,112]

TDP-43 let-7b Pri-let-7 Promote 1. Interacts with pri-let-7
2. Enhances Drosha processing

[109,113–116]

TRAIL-R2 let-7a, 7b, 7c, 7d, 7e, 7g Pri-let-7 Suppress Interacts with Drosha complex to reduce pri-let-7 processing [117–119]

NF90/NF45 let-7a Pri-let-7 Suppress 1. Directly binds to pri-let-7s and reduces affinity
2. Interacts with Drosha complex

[117,120]

BRCA1/SMAD/p53/DHX9 let-7a Pri-let-7 Promote 1. Enhances pri-let-7s processing mediated by Drosha complex
2. Binds pri-let-7s

[121–126]

SNIP1 let-7i Pri-let-7 Promote Likely binds pri-let-7 and enhances Drosha processing [127]

STAUFEN let-7s Pri-let-7 Suppress Likely binds to pri-let-7 3′-UTR and alters structural integrity [128,129]

SYNCRIP let-7a Pri-let-7 Promote Binds to pri-let-7 terminal loop and enhances Drosha processing [28]

BCDIN3D let-7b, 7d, 7d, 7e, 7f, 7g, 7i, miR-98 Pre-let-7 Promote Methylates pre-let-7s and enhances Dicer processing [130,131]

MCPIP1 let-7g Pre-let-7 Suppress Cleaves terminal loops on the pre-let-7s leading to degradation [131,132]

TBM3 let-7a, 7g, 7i Pre-let-7 Promote Binds pre-let-7s/enhance Dicer [133,134]
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2.1. Negative Transcriptional Regulation of let-7s

let-7 is one of the first miRNAs to be discovered, but its transcriptional regulation
is not fully understood. It has been reported that DAF-12 nuclear hormone receptor
and let-7s have a bimodal feedback loop at the transcription level in a ligand dependent
manner. Unliganded DAF-12 inhibits the transcription of let-7 in worms through a co-
repressor, DIN-1 [68,69]. DAF-12 cannot bind directly to the endogenous ligands; the
ligands bind DIN-1 and modulate the activity of DAF-12. With favorable environmental
and developmental cues, the ligand binds the DIN-1/DAF-12 complex, and DAF-12 is
able to directly activate let-7 transcription [68,69]. Another interesting target that shares a
bimodal feedback circuit with let-7s is MYC. Some studies have reported that MYC binds to
the conserved promoter upstream of let-7a-1/let-7f-1/let-7d and let-7g polycistronic clusters
in the pri-let-7s and suppresses its transcription [70,71]. Interestingly, DAF-12 and MYC
3′-UTRs contain let-7 complementary sites that are targets of let-7 [135,136]. In addition,
LIN42, a period protein homolog, has been shown to regulate a wide variety of miRNAs
through transcriptional repression of let-7 family pri-miRNA production in worms [72].
LIN42 suppresses let-7 phenotypes through transcriptional repression at the pri-let-7s
promoter region as LIN42 protein level increases [1,72,73]. let-7 has been also shown to
have a complementary sequence to the 3′-UTR regions of many genes, such as, lin41, lin28,
lin42, and daf-12 [1]. In mammals, these proteins are represented by TRIM71, a LIN28
homolog, period circadian regulator, PCR, and nuclear hormone receptor, NHR [137,138],
respectively. Bimodal regulation is prevalent in let-7 regulation; it is essential to find more
targets sharing a bimodal regulation loop with let-7s to further our understanding of the
complexity of let-7 regulation and biogenesis in vivo.

2.1.1. LIN28-Dependent and -Independent Regulation of let-7s Biogenesis

LIN28s are considered as the master regulators of let7s. LIN28A and LIN28B par-
alogs are RNA binding proteins [74,139] and have direct roles in modulating let-7 miRNAs.
LIN28A and LIN28B can post-transcriptionally suppress both pri-let-7s and pre-let-7s biogen-
esis and maturation via both 3′ terminal uridylyl transferase (TUTase)-dependent (LIN28A)
and -independent pathways (LIN28B) by inhibiting Drosha and Dicer activities [74–76,81].
LIN28A and LIN28B bind to both pri-let-7 and pre-let-7; however, they work independently
and distinctively. LIN28A is mainly in the cytoplasm; it recruits TUTases4/7 to oligo-
uridylate pre-let-7s at its 3′ end. Uridylated pre-let-7s cannot undergo Dicer processing,
which marks these pre-let-7s for degradation [74,77–80]. When LIN28A is absent, pre-let7s
processing is upregulated, resulting in more mature let-7s [75]. This increase in let-7s
is regulated by TUTases2/4/7; these proteins mono-uridylate group II pre-let-7s, except
pre-let-7a-2, 7c, and 7e, and enhance Dicer processing, resulting in increased let-7s [82]. Inter-
estingly, in the cytoplasm LIN28A can selectively recruit TUTase4 to a subset of pre-let-7s to
mediate uridylation processing and suppress pre-let-7 Dicer processing [77,78,80]. Oddly,
LIN28B blocks let-7 miRNA biogenesis via TUTase-independent pathways [79]. LIN28B
is mainly located in the nucleus and sequesters pri-let-7s into the nucleolus and prevents
Drosha/DGCR8-mediated pri-let-7 processing [75,76,79]. Despite the similarities between
the LIN28 paralogs, they work by discrete pathways at multiple steps and negatively
regulate nearly all of let-7 biogenesis. Due to the complexity of the LIN28/let-7 axis and
context-dependent regulation of let-7s, it is necessary to further understand what other
factors can modulate LIN28/let-7 axis. Several of the factors modulating let-7s biogenesis
through the LIN28/Let-7 axis are discussed below.

2.1.2. LIN28-Dependent Regulation

Fragile histidine triad diadenosine triphosphotase (FHIT) was found to induce LIN28B
protein expression, leading to the suppression of let-7s [82]. Chae and colleagues showed
that FHIT expression correlated inversely with let-7 miRs, and FHIT apparently mediates
the negative feedback initiated by LIN28/Let7 at the pri-miRNA level in the nucleus [84].
An additional LIN28B-regulating protein is mucin 1 (Muc1), a heterodimeric protein that is
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subsequently autocleaved to Muc1-N and Muc1-C [85]; the later translocates to the nucleus
and interacts with transcription factor NF-κB p65 [87]. Kufe’s group demonstrated that
Muc1-C activates LIN28B in an NF-κB-dependent manner and suppresses let-7 biogene-
sis [86]. Musashi1 (MSI1) protein either works in conjunction or compensates LIN28 to
post-transcriptionally negatively regulate miR-98, let-7b, and let-7g biogenesis via Drosha
processing [88]. Sjögren syndrome antigen B (SSB) protein has been shown to bind to the
UUUOH element located in the 3′ end of LIN28B RNA transcripts [90,91] and subsequently
to enhance LIN28B’ protein levels [89]. Whereas SSB’ silencing decreased LIN28B level, it
successively resulted in an increase of mature let-7s (7a, 7b, 7c, 7d, 7e, 7f, 7g, and 7i) through
released inhibition of pri-let-7 processing [89]. TRIM25 protein is an E3 ligase that binds
to pre-let-7s conserved terminal loop and activates LIN28A/TUTase4-mediated uridyla-
tion [92]. It has been reported that TRIM25 is a cofactor for LIN28A/TUTase4-mediated
uridylation and functions in cis to provide additional specificity and regulation of LIN28A
in suppressing the maturation of pre-let-7s [77,78,92]. YAP, yes-associated protein, is a
transcriptional coactivator that plays important roles in various cellular processes. YAP is
downstream of the Hippo signaling pathway and has been reported to regulate miRNA bio-
genesis in a cell-contact-dependent manner [99,100]. At low cell density, unphosphorylated
YAP translocates into the nucleus and sequesters p72, a DEAD-box helicase 17 (DDX17),
which is an essential component of the miRNA processing machinery, Drosha/DGCR8,
resulting in downregulation of let-7 (7a and 7b) [99,100]. When cell density and cell-to-cell
contact increases, phosphorylated YAP remains in the cytoplasm and is unable to sequester
DDX17; consequently, the later binds to Drosha/DGCR8 complex and increases the pri-let-
7s processing [99,100]. YAP’s nuclear-cytoplasmic dynamics provides additional regulatory
control to the LIN28/let-7 axis through a novel cell-contact-dependent miRNA biogenesis.

2.1.3. LIN28-Independent Regulation

Heterogenous nuclear ribonucleoprotein A1 (HnRNPA1) has been shown to bind
Drosha complex [109]. HnRNPA1 also binds the conserved terminal loop of pri-let-7a-
1 and inhibits its processing by Drosha and DGCR8 complex [108,109]. The binding
of HnRNPA1 with the pri-let7a alters the pri-miRNA structure and inhibits Drosha pro-
cessing [109,110]. HnRNPA1 depletion increases pri-let-7a-1 processing, whereas ectopic
expression of hnRNPA1 decreases let-7a [106]. Death receptor tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-R2 associates with p68 RNA helicase (DDX5), nuclear
factor 90/45 (NF90/NF45), and hnRNPA1; together this complex is involved in RNA
processing and gene regulation [117]. These binding partners of TRAIL-R2 have been
shown to be involved in let-7s maturation and biogenesis [118,119]. Knockdown of either
TRAIL-R2 or NF90/NF45 results in enhanced processing of pri-let-7s by the Drosha/DGCR8
complex and significant intensification of levels of different mature let-7s (7a, 7b, 7c, 7d,
7e, and 7g) [117,120]. Several studies have reported that HnRNPA1’ binding to let-7a in-
terferes with the binding of the KH-type splicing regulatory protein (KSRP), known to
promote let-7a biogenesis [111,112]. HnRNPA1 and KSRP compete for pri-let7 binding
sties and reversibly regulate let-7 biogenesis in vivo [109]. This antagonizing regulation
of hnRNPA1 and KSRP adds an additional layer to let-7 biogenesis and adds additional
complexity to its homeostatic regulation that requires further investigation, especially
under pathophysiological conditions, such as neuroinflammation, cardiovascular diseases,
and stroke. STAUFEN1 protein has been shown to negatively modulate let-7s by binding to
the pri-let-7s 3′-UTR and altering their structure and integrity [129]. The immune regulator,
monocyte chemoattractant protein 1-induced protein 1 ribonuclease (MCPIP1), suppresses
pre-let-7s miRNA biogenesis by inhibiting Dicer processing [132]. MCPIP1 also has an
oligomerization domain for pre-let-7g recognition leading to its degradation [131].
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2.2. Positive Regulation of let-7s Biogenesis
2.2.1. LIN28-Dependent Positive Regulation

Due to the complexity of LIN28/let-7 regulation, many layers of regulation are nec-
essary. One study revealed that TRIM71, an E3 ubiquitin ligase, negatively modulates
LIN28B through polyubiquitination, leading to the upregulation of mature let-a and pre-let-
7s post-transcriptionally [93]. TRIM71 levels are also dependent on LIN28 expression; a
decrease in LIN28 will reduce TRIM71 expression [94]. Additionally, TRIM71 binds to the
catalytically active Ago2 protein using its NHL domain, inducing the degradation of Ago2
by interfering with mature let-7s [94–96]. This adds a new layer of regulatory complexity to
let-7 biogenesis and maturation post-transcriptionally. Tristetraprolin (TTP) is an AU-rich
pentamer element (ARE)-binding protein that has been reported to downregulate LIN28A
via binding to LIN28A’ AREs in its 3′-UTR, resulting in subsequent degradation and pro-
motion of let-7s maturation [97,98]. It is also interesting that AREs are often located in the
3′-UTR of various mRNA of cytokine mRNAs [98]. TTP presumably plays an important
role in regulating inflammatory responses as well by directly binding to ARE-containing
transcripts and downregulating these inflammatory response transcripts [140,141].

2.2.2. LIN28-Independent Positive Regulation

Adenosine deaminases acting on RNAs (ADARs) have been reported to convert
adenosine residues to inosine residues in pri-miRNAs, pre-miRNAs, and mature miRNAs
and to modify their structures, functions, stability, and biogenesis [101,102,142]. Loss of
ADAR1 was found to significantly downregulate let-7a, 7b, 7d, and 7e expression through
Drosha- and Dicer-mediated processing [103]. ADAR1 modulates the expression of pri-
let-7-Complex (let-7c) locus through a single A-to-I change at the six residues of pri-miR
polycistronic transcript, leading to enhanced miRNA processing by Drosha cleavage [101].
ADAR1 mediates the differential expression of many polycistronic miRNA clusters through
direct binding to Drosha/DGCR8 or Dicer complexes, such as, pri-/pre-let7-a-1, let-7a-2,
let-7a-3, pri-/pre-let-7d, and pri-let-7f [102–106]. Tumor suppressor breast cancer 1 (BRCA1)
directly promotes the processing of pri-let-7a [121]. BRCA1 increases the expression of
both primary transcripts and mature let-7a. BRCA1 was shown to directly interact with
DDX5 and the Drosha complex, and studies found that BRCA1 associates with SMAD3,
p53, and DEAH-box RNA helicase (DHX9) [121,122]. BRCA1 can directly bind to primary
transcripts’ stem root via a DNA-binding domain and can regulate let-7a biogenesis via
the Drosha/DGCR8 complex and SMAD3/p53/DHX9 [121]. It also has been reported
that SMAD3 and p53 are involved in let-7a maturation [125,143] and interact with BRCA1–
Drosha complex [126]. SMAD3, p53, and DHX9 interactions with BRCA1 likely strengthen
and stabilize BRCA1-induced Drosha processing activity. Human nuclear interacting pro-
tein 1 (SNIP1) is an RNA-binding protein that interacts with Drosha complex and has been
reported to function in TGF-β and NF-κB signaling pathways. SNIPP1’ downregulation
resulted in let-7i reduction [127], confirming its positive regulation in let-7 biogenesis.
Another protein associated with Drosha/DGCR8 complex is synaptotagmin-binding cyto-
plasmic RNA-interacting protein (SYNCRIP), which was shown to bind to the conserved
terminal loop within pri-let-7 [144]. Silencing SYNCRIP reduces mature let-7a level, while
overexpressing SYNCRIP promotes let-7a [144]. Depletion of the BCDIN3D, a member
of the Bin3 family, revealed strong downregulation of a number of mature let-7s (7b, 7d,
7e, 7f, 7g, 7i and miR-98) [130]. BCDIN3D has been reported to interact with Dicer in an
RNase A-dependent manner and facilitates Dicer processing [131]. Additionally, BCDIN3D
has been shown to directly interact with pre-let-7s and methylate them in vitro with great
specificity, leading to enhanced Dicer processing [130]. RBM3, a cold-inducible, develop-
mentally regulated RNA-binding protein regulates let-7 biogenesis [133,134]. RBM3 level
has been shown to directly correlate with miRNA generation and vice versa [133]. Pilotte
and colleagues have shown that changes in pre-let7-a, pre-let-7g, and pre-let-7i are affected
by the presence of RBM3 [133]. RBM3 directly binds these pre-let-7s and enhances these
precursors’ association with active Dicer complexes [133]. RBM3’ ability to directly bind to
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pre-miRNAs and regulate subsequent Dicer processing under hypothermia makes it an
interesting target for modifying miR expression in temperature-sensitive processes. An-
other let-7 biogenesis-involved protein is a TAR DNA-binding protein 43 (TDP-43). TDP043
belongs to the hnRNP family and has been shown to play a major role in many cellular pro-
cesses [114,115]. Since hnRNPA1 has been described as associating with Drosha [107,113],
likewise TDP-43 is a Drosha-associated protein [115,116] and is reported to downregulate
let-7b [115]. Pri-let-7b binds directly to TDP-43 in different positions within the miRNA
and/or the hairpin [115]. When TDP-43 is depleted, let-7b is downregulated [115]; this
shows that TDP-43 plays a positive role in let-7b biogenesis. Intriguingly, another study
did not find that depletion of TDP-43 lowered let-7b level [116]. These contradictory results
remind us of the complexity of let-7 biogenesis in a context-dependent manner, and further
investigations are needed to discover TDP-43’s role in regulating let-7 biogenesis.

3. let-7’s Protein Regulators and Their Role in Stroke and Other Cardiovascular
Disease-Related Inflammation

let-7 is involved in many cellular processes, immunity, and protective functions. Regu-
lators of let-7 are crucial for therapeutic advances. The majority of these regulatory proteins
are well studied in development, proliferation, differentiation, and cancer, but their roles in
inflammation, cardiovascular diseases, and/or stroke are not well studied. Only a few of
these regulatory proteins have been described as having a link with cardiovascular diseases
and stroke outcomes. hnRNPA1 has recently been reported to interact with β-arrestin1
to upregulate a miRNA processing in the heart [145]. KSRP has been shown in vitro to
regulate inflammatory responses [112] through controlling inflammatory mediators, such
as TNFα, IL-1β, IFNα, and IFNβ expressions [146]. Similar to TTP, KSRP is involved
in direct and indirect control of cytokine synthesis and degradation, potentially through
miRNA regulation [146,147]. Upregulated SMAD3/TGF-β signaling has been reported
to significantly increase cell survival and exhibit neuroprotective effects after cerebral
ischemic stroke [148]. Cardiomyocyte apoptosis is considered a significant event during
the development of cardiomyopathy. let-7 has been shown to target TGF-3β and regulate
cardiomyocyte apoptosis after MI [149]. Bioinformatic predictions have shown several
genes, such as TBX5, FOXP1, HAND1, AKT2, and PPARGC1A, which are related to cardiac
development, to be targets of different let-7s (let-7a/7d/7e/7f ) [150]. These findings suggest
that let-7 might contribute to heart development and/or heart diseases, potentially as a
target for cardiovascular disease therapeutics [36]. A recent study showed that accumula-
tion of hnRNPA1 and TDP-43 are associated with neurodegenerative disease and ischemic
stroke [151,152]. Another study has shown that TRAIL-R2 is one of the most powerful
biomarkers for predicting long-term mortality in many diseases, such as diabetes, heart
failure, myocardial infarction, smoking, and hypercholesterolemia [153]. MCPIP1 has
recently been shown to negatively regulate inflammatory responses after ischemic stroke,
to enhance blood–brain barrier integrity, and to be neuroprotective [154]. Additionally,
RBM3 has recently been shown to be neuroprotective and positively correlate with good
ischemic stroke outcomes [155]. let-7 is a major player in diverse processes; any dysfunc-
tion in let-7 regulation can cause a disease state, and it is essential to study how these
regulatory elements link with inflammatory diseases. Taking all these together, since all the
above-mentioned proteins are involved in let-7 miR regulation, it is reasonable to suggest
that let-7s play a significant role in the aforementioned outcomes of these regulators.

In recent years, advanced bioinformatic techniques allowed characterization of many
circular RNAs and long noncoding RNAs. Both of these RNAs serve as competitive
endogenous RNA (ceRNA) regulators for miRs. ceRNAs work as sponges and prevent miRs
from acting on their target mRNA transcripts. Hundreds of ceRNAs have been described,
and some of them are involved in let-7 miRs regulation; however, their involvement in
stroke or other cardiovascular diseases still remains to be explored.
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4. Conclusions

It has been shown both in vivo and in vitro that let-7 miRs are involved in numerous
cellular processes, inflammation, immunity, and protective functions. Tissue- and condition-
specific let-7 expression is tightly regulated. The majority of the let-7’ regulatory proteins
are well studied in development, proliferation, differentiation, and cancer, but their roles
in inflammation, cardiovascular disease, and/or stroke are not well studied. Further
knowledge of the regulation of let-7 is crucial for therapeutic advances.
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