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Hypothesis: Wound-induced TLR3 activation stimulates
endogenous retinoic acid synthesis and signaling during
regeneration.
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Abstract

Although the mechanism is unclear, it has been shown that genetically normal adult mice with a
large wound form de novo morphogenesis of hair follicles in Wound Induced Hair Neogenesis
(WIHN)(1). We focused on how tissues recognize damage signals and identified that double
stranded RNA (dsRNA)-mediated toll like receptor 3 (TLR3) activation stimulates WIHN. Here
we propose a hypothesis that TLR3 stimulates retinoic acid synthesis and signaling to allow for
regeneration, suggesting that common clinical methods of facial rejuvenation in human subjects
through damage (such as lasers or dermabrasion) and the use of topical retinoids reflect the same
biologic pathway.

1. BACKGROUND

Although a rare example, damaged skin regenerates in rabbits and mice(1, 2), now known as
wound-induced hair neogenesis (WIHN). Wounded skin induces the innate immune system
including antimicrobial peptides, interferons, and interleukins to provide defense(3, 4).
Danger-associated molecular patterns (DAMPS) signal through toll-like receptors (TLRS) to
recognize harmful materials and activate the innate immune response early after a wound.
Particularly, TLR3 is important as a damage sensing mechanism to induce regeneration(5-
8).

Retinoic acid (RA) is a vitamin A derivative that exerts pleiotropic effects and orchestrates
diverse physiological roles. During embryogenesis, retinoic acid (RA) acts as a potent
morphogen in cell fate decision and organogenesis(9). Moreover, urodele amphibians
regenerate their limbs and tails perfectly after amputation, partially due to a gradient of RA
concentration in the proximodistal axis(10, 11). Abnormal RA signaling with disrupted
localization of RA related factors alters feather development and epithelial cell morphology
in chicken(12). In human, RA regulates the hematopoietic hierarchy by regulating cell cycle-
mediated hematopoietic stem cell plasticity(13). Moreover, RA increases a population of
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CD161* regulatory T cells, which facilitates the wound healing of epithelial cells in the
gut(14). These results indicate that endogenous RA synthesis is critical for embryonic
development and tissue homeostasis through repair of damaged tissues in adults.

On this basis, we query how RA synthesis and signaling are regulated in damaged tissues.
Does TLR3 activation induce RA synthesis in a common pathway of regeneration? Do
TLR3 and RA share signaling pathways during wound healing? In this Hypothesis Letter,
we propose the functional relationship between TLR3 and RA signaling in damaged tissues
to enhance regeneration.

2. PREMISES

Damage-induced TLR3 activation regulates regeneration.

TLR3 binds double stranded RNA (dsRNA) for the initial detection of microbes and viruses,
to activate the innate immune responses. Although the activating dSRNA may be RNA
viruses (15), it may also originate from transcription of inverted-repetitive sequences and
transposable elements (16, 17). While TLR3 deficient mice display impaired wound healing,
TLR3 activation enhances wound closure by upregulating the production of chemokines to
recruit neutrophils and macrophages(18, 19). Previous reports demonstrate that ultraviolet
(UVB)-damaged keratinocytes release the non-coding double stranded RNA (dsRNA)
sequences of U1-snRNA to activate TLR3 signaling and stimulate inflammatory
cytokines(20). Also, dsRNA released from damaged tissues triggers TLR3 downstream
pathway to promote wound healing and WIHN in mice(6, 8). However, TLR3 does not
appear to have particular dsSRNA sequence avidity(21), and therefore even coding RNA or
other noncoding RNA might act as ligands. Taken together, these data demonstrate that
damage-induced dsRNA-TLR3 signaling regulate regeneration.

RA synthesis and signaling regulate hair follicle morphogenesis

Retinoids (vitamin A) obtained from dietary sources much be enzymatically metabolized to
retinal by the alcohol dehydrogenases (ADHSs) and then finally converted to all-#rans RA by
the retinal dehydrogenases (ALDH1A1, 2, and 3) to generate a functional molecule.
Inhibition of RA signaling in epidermal and hair follicle keratinocytes causes aberrant
differentiation of keratinocytes and a progressive alopecia(22). Also, RA is used for facial
rejuvenation in humans, similar to that used by lasers clinically, suggesting a possible
common pathway(23, 24). In addition, appropriate endogenous RA levels regulated by
Cyp26bl, a RA degrading enzyme, are critical for hair follicle morphogenesis(25). These
results highlight the important physiological roles of endogenous RA signaling in hair
follicle biology.

Signaling proteins downstream of TLR3 control the RA synthesizing ALDH1A enzyme

isoforms.

STAT3 and NF-xB-mediated signaling (normally downstream of TLR3) upregulate
ALDH1AS3 expression in chemoresistant and malignant pleural mesothelioma(26). Also,
TLR3 and RA synergistically induce type I interferon and IRF3-dependent apoptosis in
breast cancer cells(27, 28). Finally, in zebrafish, H6-homeobox 4 (hmx4) gene is required
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for proper expression of aldh1a2, which synthesizes RA to regulate sonic hedgehog (shh)
and gli3 during forebrain patterning(29). Given that Shh/Gli3 and Stat3/ NF-xB are
dependent on TLR3, these results indicate that RA and TLR3 signaling interact and TLR3-
mediated signaling may induce RA synthesis and signaling.

5. HYPOTHESIS

The regulatory mechanism of endogenous RA synthesis is not well established, certainly
after wounding. To unite the above premises, we hypothesize that damage-induced TLR3
signaling stimulates intrinsic RA synthesis and signaling to enable WIHN (Figure 1).

6. HOW TO TEST THE HYPOTHESIS

ALDH1As are important enzymes to produce RA and our preliminary data show that
ALDH1A2 and ALDH1A3 expression is dependent on TLR3 signaling. Previously, Nelson
et al., reported that 7/r3null mice fail to induce WIHN(6). Thus, this hypothesis can be
examined by quantifying RA levels using analytical chemistry methods such as LC-MS
between WT and 7/r3null mice after wounding(30). This experiment will determine
whether wound-induced TLR3 signaling stimulates intrinsic RA synthesis and any
correlation between amount of RA and regeneration capacity. Since Kumar et al.,
demonstrated that defectives in Aldhla-deleted mice are rescued by RA treatment(31), the
hypothesis can be supported by checking if additional RA treatment in wounded skin of
TLR3KO mice could rescue the defective regenerative ability.

Once RA binds to its receptors (RARa, RARB, and RARY) and heterodimerize with
retinoid X receptors (RXRa, RXR, and RXRYy), the complex is recruited to retinoic acid
response elements (RARES) to initiate transcription(9). RARE-reporter (LacZ, GFP, and
RFP) mice can be evaluated with or without Poly (I:C) (TLR3 ligand) after wounding to
visualize the location of RA synthesis in skin. Since RARE reporter mice do not fully
recapitulate RA responses, in vivo results must be confirmed by analyzing the gene
expression of Aldhlal-3and the levels of RA in primary isolated cells such as keratinocytes
and fibroblasts.

To investigate RA-induced mechanisms in WIHN, we suggest testing the requirement of
endogenous RA signaling using tissue specific RAR-deleted mice. For example, epidermal
functions of RA signaling can be evaluated by generating Krt5Cre tissue-specific
constitutive RARs floxed mice in WIHN. The above experiments will test the hypothesis
that TLR3-induced RA signaling supports WIHN.

7. RELEVANCE AND PERSPECTIVES

Although several medical aesthetic treatments with low levels of skin damage, such as
microneedling, dermabrasion, and laser treatment, have been in clinical practice to enhance
skin rejuvenation for decades, the exact mechanism is still unknown. The perspective to test
is whether mechanisms of human rejuvenation overlap with mouse regeneration during
WIHN. One key possible mechanism in these rejuvenation effects result from RA signaling
stimulated by damage-induced TLR3 activation. This is logical since RA is already used for
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facial rejuvenation in humans. However, there is still important information about dsSRNAs
released by damaged tissues to explore. Future studies to define the exact sequence and the
regulatory mechanisms of dsRNA will add to therapeutic drug development. Therefore, the
study of RNA sensing to understand unknown mechanisms is important.
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Figure 1. Working model of dsRNA-mediated TLR3 signalingin WIHN.
Damage-tissues release non-coding dsRNA to activate TLR3 signaling. Besides, endogenous

RA synthesis is induced by ALDH1A2/A3 upregulated by TLR3 dependent signaling,
which triggers RA signaling via RARs. Eventually, TLR3 and RA signaling may work
synergistically to facilitate WIHN.
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