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Dickkopf-related protein 1 (DKK1) is distinctly identified as an inhibitor of canonical Wnt/B-catenin signaling.
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| 1. Introduction

Hair growth is a relatively complex process. The human hair cycle comprises three main phases: anagen, catagen, and
telogen @, Anagen is an active growing phase of hair and lasts for the longest period (up to eight years). During the
catagen phase (2—-3 weeks), hair follicles (HF) undergo regression. This is followed by the telogen, which is the resting
phase (~3 months) &, Ultimately, hair shedding takes place, that may be considered as the fourth phase—exogen B!,

Hair growth is controlled and influenced by various endogenous factors, including intracellular and intercellular signaling
molecules. Some of the influencing factors have inhibitory and some stimulatory effects on the hair cycle. The initiation of
the anagen phase is inhibited by the activation of bone morphogenetic proteins (BMP) as well as transforming growth
factor B (TGF-B) signaling . On the other hand, the onset of Wnt/B-catenin BB or sonic hedgehog (SHH) signaling
pathways stimulate hair growth and anagen entry &l |n case of the wingless and integrated-1 (Wnt)-mediated hair
regrowth, hypo-phosphorylated B-catenin is stabilized, which triggers the interaction between [-catenin and T-cell
factor/lymphoid enhancer factor (TCF/LEF) in the nucleus. As a result, growth-promoting genes are trans-activated and
hair regrowth occurs [&. Based on the available data, out of all the pathways implicated in the hair cycle, we assume that
the Wnt/B-catenin signaling represents the key factor in hair growth regulation &, as dihydrotestosterone (DHT)—a
hormone that is upregulated in androgenetic alopecia (AGA) and causes the hair loss—impairs this signaling pathway 22,
The main identified inhibitors of this signaling pathway are dickkopf-related protein 1 (DKK1), secreted frizzled-related
protein 2 (SFRP2), and sclerostin (SOST). As Wnt/B-catenin signaling is involved in numerous biological processes, each
of the mentioned inhibitors features certain functions. Hence, the dysregulation of the levels of any of these inhibiting
proteins affects the particular physiological pathogenesis, including AGA. DKK1 is a natural inhibitor of Wnt, and strongly
suppresses the Wnt/B-catenin signaling pathway via disrupting the Wnt-induced frizzled-low-density lipoprotein receptor-
related proteins (LRP) 5/6 complex formation. This adversely impacts HF morphogenesis and, thus, influences the hair
cycle 4. Indeed, the study has demonstrated that DKK1 triggers anagen-to-catagen transition when injected in the skin
of C57BL/6 mice. Moreover, injection of the anti-DKK1 neutralizing antibody resulted in the delay of catagen progression
(12 |nterestingly, the human study showed that a significantly high concentration of tissue DKK1 was present in patients
with AGA compared to the healthy controls 11, DHT is known to negatively interfere with the normal hair cycle via driving
the HF in the balding scalp to catagen entry and inhibiting the growth of keratinocytes that takes place through DKK1
implication 13!,

According to the aforementioned evidence, it is prudent to postulate that inhibition of DKK1—a canonical Wnt/B-catenin
signaling inhibitor—is one of the key factors to promote hair growth and develop a sustainable remedy for AGA. Indeed,
there are certain microRNAs (miRNAs) that target DKK1 and are involved in hair growth-related pathways.

| 2. DKK1 Implication in AGA
2.1. DHT-Induced DKK1-Mediated AGA

DKK genes encode secreted proteins that regulate the Wnt/B-catenin signaling pathway by antagonizing it 14l
Remarkably, DHT and DKK1 levels are positively correlated. In the body, 5 alpha-reductase (5a0R) converts testosterone
into DHT. It acts like an inhibitor for the growth of outer root sheath (ORS) cells that disrupts the normal hair growth
process. Moreover, the anti-DKK1 neutralizing antibody substantially decreased the inhibition of ORS cells’ growth. As
previously mentioned, DKK1 concentration is increased in the bald scalp of AGA patients compared with the haired scalp
of AGA patients 223l Besides, DHT-influenced DKK1 augmentation has been demonstrated to enhance the apoptosis of



keratinocytes in vitro 29, |t can be presumed that DKK1 plays an important role in AGA development. Indeed, the study
demonstrated that DKK1 is involved in AGA pathology. In the study, recombinant human DKK1 treatment triggered the
hair cycle to enter the catagen phase earlier than normal in C57BL/6 mice, which resulted in the decrease of HF length.
Contrarily, treatment with the neutralizing DKK1 antibody led to the increased HF length and delayed the shift of anagen
to catagen. The recombinant DKK1 has inhibited the canonical Wnt/3-catenin signaling pathway that promotes hair growth
in normal physiological condition. As a result of Wnt/B-catenin signaling suppression, the anagen phase is shortened and
the apoptosis of follicular keratinocytes takes place 12,

2.2. Negative Influence of DKK1 on Hair Growth

DKK1 exhibits a dual role in the normal hair cycle. On the one hand, DKK1 induces attenuation of the hair growth process
by inhibiting Wnt/B-catenin signaling via the LRP5/6 co-receptor and, on the other hand, it promotes apoptosis of
keratinocytes, which are key cells involved in hair growth 1915 Hence, AGA, also known as male pattern baldness
(MPB), is the consequence of the abovementioned dual mechanism of DKK1 in human HFs. Indeed, a case-control study
that included 20 male AGA and 20 male alopecia areata (AA) patients has demonstrated that the immunohistochemical
expression of DKK1 was remarkably increased in lesional scalp biopsies of both AGA and AA patients 1. Additionally,
DKK1 decreases the HF enlargement and width of the hairs 8. Markedly, DKK1 levels are evidenced to be elevated
along with age 118l whilst age is also related to the development of AGA 12 (Figure 2). Besides, AGA is manifested
severely in the obese population 2921 Concomitantly, DKK1 is hypothesized as a potential biomarker in obesity [22(23],
Additionally, Kim et al. have demonstrated that treatment with minoxidi—a common drug for hair-loss—downregulated
DKK1 and TGF-B in human keratinocyte cells 241,
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Figure 2. Dual unfavorable role of DKK1 on hair growth. The transition of telogen to anagen is delayed in AGA. DKK1 is
upregulated in the scalp of AGA as well as in the serum of the elderly population where AGA is common. Elevated DKK1
levels induce the apoptosis of keratinocytes and inhibit Wnt/B-catenin signaling. Abbreviations: AGA, androgenetic
alopecia; DKK1, dickkopf-related protein 1; Wnt, wingless and integrated-1.

2.3. Molecular Mechanism of Wnt/B-Catenin Signaling Inhibition by DKK1

DKK1 inhibits Wnt/B-catenin signaling via binding to LRP5 and LRP6, which prevents the interaction between Wnt and the
other transmembrane receptor frizzled (22, The inhibition is enhanced via the synergistic effect of DKK1 and its single
transmembrane receptors kremens (KRM1 and KRM2) that promote the endocytosis of LRPs. Cselenyi and Lee have
proposed that KRMs-dependent activation/inhibition of Wnt/B-catenin signaling depends on the presence of DKK1 281271,
In case of DKK1 presence, LRP5/6, DKK1, and KRM interact with each other and generate a complex that is
endocytosed. Consequently, LRP5/6 is reduced in the plasma membrane; thus, Wnt/B-catenin signaling is suppressed, (3-
catenin is degraded, and the hair growth-related gene expression does not take place 8. The inhibitive role of DHT-
induced secreted DKK1 on the Wnt/B-catenin signaling pathway is shown in Figure 3.
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Figure 3. lllustration of Wnt/B-catenin signaling pathway inhibition by DKK1 in AGA. In the AGA population the T level is
elevated. T is converted into DHT by 5aR, which binds to AR and prevents the dephosphorylation of GSK-3p3. GSK-3j3
induces the phosphorylation of B-catenin via the destruction complex. Phosphorylated B-catenin is degraded by the
proteasome. On the other hand, DKK1 is also secreted that antagonizes Wnt/p-catenin signaling via LRP5/6 inhibition. As
a result, the Wnt/B-catenin signaling pathway is inactivated and target genes are not expressed. Abbreviations: T,
testosterone; DHT, dihydrotestosterone; 5aR, 5 alpha-reductase; AR, androgen receptor; DKK1, dickkopf-related protein
1; Wnt, wingless and integrated-1; Fz, frizzled; LRP5/6, low-density lipoprotein receptor-related proteins 5/6; GSK-3p3,
glycogen synthase kinase 3[3; CK1, casein kinase 1; DVL, dishevelled; APC, adenomatous polyposis coli; TCF/LEF, T-cell
factor/lymphoid enhancer factor.

2.4. Compounds Capable to Inhibit DKK1 Expression and Promote Hair Growth

According to the abovementioned information, the study of DKK1 inhibition strategies is an important tool for maintaining
the Wnt/B-catenin signaling within the normal range. Indeed, some studies investigated the effect of certain natural
compounds on the canonical Wnt/B-catenin signaling pathway for promoting hair growth. Zhou et al. have observed the
impact of morroniside—a natural compound found in cornelian cherry—on the Wnt/B-catenin signaling pathway in cultured
human ORS cells. In their results, morroniside indeed increased the proliferation of cells as well as the concentration of (3-
catenin. Concomitantly, the outcome of morroniside treatment was retrieved by the influence of DKK1 23, Another natural
compound, vitexin, is also found to significantly increase the human dermal papilla cells’ (HDPCs) proliferation in a
concentration-dependent fashion. Additionally, Luo et al. have demonstrated that in vitexin-treated HDPCs, the [-catenin
level was upregulated while the DKK1 level was substantially lowered 29, Aside from that, Panax ginseng extract
exhibited proliferation of ORS keratinocytes, inhibition of apoptosis, and revealed the opposite effect of DKK1 in human
hair organ culture 24, One more natural compound costunolide activates Wnt/B-catenin and SHH, while it inhibits TGF-
B/SMAD and BMP signaling pathways in HFs, and hence, stimulates hair growth B, The functional components of
Ginkgo biloba—qginkgolide B and bilobalide—are known as agents that can aid in hair growth. Interestingly, these two
compounds are evidenced to be associated with Wnt/B-catenin signaling activation via inhibition of DKK1 expression
levels in the cytoplasm and, thus, upregulation of nuclear B-catenin and its messenger RNA (MRNA) concentration 22,
The antidepressant tianeptine is also evidenced to stimulate hair shaft elongation, and hence hair growth, via inhibiting
DKK1 and delaying the premature transition from anagen to catagen in MPB [l All these studies claim that the
abovementioned natural compounds promote hair growth via inhibiting DKK1.

| 3. miRNAs Targeting DKK1 Expression

miRNA was first identified in 1993 by Victor Ambros and colleagues, who found a short RNA molecule Lin-4 of 22-61
nucleotides in C. elegans that could downregulate the level of Lin-14 protein mRNA B4, Seven years after the discovery,
the first human-encoded miRNA Let-7 was described 2. Currently, more than 3000 miRNAs are known to be present in
the human genome and involved in numerous biological processes in almost all body fluids B8, |n 2013, the first
mIRNA mimic MRX34 (mimic of endogenous miR-34 that suppresses oncogenesis) entered into the clinical trials 28],
Currently, several miRNA drugs are in phase 1 or 2 of development B24% However, up until now, there is no miRNA
mimic approved by the Food and Drug Administration (FDA) 2%, On the other hand, there are already 3 small (short)-
interfering RNA (siRNA)-based FDA-approved drugs, Patisiran 42, Givosiran 42, and Lumasiran 43!, while the rest are in
phase 3, 2, or 1 of clinical trials 49, Given that it took 14 years since the initiation of the very first clinical trial (2004) 4] for



siRNA to go to commercialization #2148 it should not be long until the first mIRNA mimic gains FDA approval. However,
difficulties mainly regarding the delivery of miRNAs need to be overcome and the mechanisms of certain miRNAs should
be fully understood.

Importantly, miRNAs play a crucial role in hair growth regulation 24, They are involved in HF development as well as in
DP cell proliferation. However, despite the increasing number of studies that demonstrate a critical role of miRNAs in skin
regeneration, the molecular mechanisms are still not fully understood 28, Some miRNAs that are implicated in hair
morphogenesis have a positive while some have a negative impact on hair growth, e.g., one study showed that miR-214
targets B-catenin and modulates Wnt/B-catenin signaling, and hence inhibits hair growth development 49, On the other
hand, other miRNAs, such as miR-218-5p, are related to inhibition of SFRP2 that represents the antagonist of the Wnt/p3-
catenin signaling pathway and, thus, promotes hair growth B35, As stated above, the level of DKK1 in the scalp of AGA
patients is significantly higher 121, Besides, DKK1 is already evidenced to inhibit the Wnt/B-catenin signaling, which results
in hair miniaturization and growth suppression B2 There are miRNAs that target DKK1, e.g., miR-335-5p is
downregulated while DKK1 protein levels are increased in TNF-o-treated osteoblasts 231, DKK1 is silenced by miRNAs
including miR-335-5p at an early stage of osteogenic differentiation, and on the contrary, miRNA levels are decreased at a
later stage of differentiation while DKK1 levels are upregulated. This points out the complex role of miRNAs in biological
processes 24, Besides, Michel et al. have demonstrated that the expression of Wnt antagonist SFRP2 mRNA was
increased while the expression of another inhibitor DKK1 mRNA was not altered in scalp biopsies of AGA patients 52!,
This fact might be rationalized with the involvement of certain miRNAs that target DKK1 mRNA, and the translation to
protein is circumvented. Accordingly, developing the miRNA-based approach to inhibit DKK1 is certainly reasonable. The
miRNAs that inhibit DKK1 expression in different health conditions/biological processes are presented in Table 1.

Table 1. Recent studies referring to miRNAs that directly target DKK1 and the association with certain disorders/biological

processes.
mMiRNA Disorder/Biological miR DKK1 Relative miR Predicted Binding Site in Study Ref
Process Level Expression 3'UTR of DKK1 Type ’
. Oral squamous cell DKK1 3'UTR 5'...GUGGUUUCAGUUAAGCAUUCCAA...3' . )
miR-1-3p qua ' 1 _ e in vitro [56]
carcinoma miR-1-3p 3 UAUGUAUGAAGAAAUGUAAGGU &'
R Dopaminergic neuron DKK13' UTR 5 . ATATGTTTAAAGATGATCAGAGA... 3' R R
miR-9-5p pa gie r N/IA ! TR in vitro 57
differentiation miR-9-5p 3 AGTATGTCGATCTATTGGTTTCT &'
. Bone metabolism DKK1 3'UTR 5 .. TAATTATTTTTCTAAAGGTGCTG... 3 R R
miR-29a . l 1 TP in vitro (58]
disorder miR-29a 3 AUUGGCUAAAGUCUACCACGAU 5'
- DKK1 3'UTR 5"...AGAAUGUAACACUUCUCUUGCCA... 3' . .
miR-31 Breast cancer ! 1 N in vitro [59]
miR-31 3 GUCGAUACGGU-CGUAGAACGGA &'
. DKK13' UTR 5 ...UGGCACUUACCUGUAAAUGCAAU... 3" in ViVO
miR-33a-5p Esophageal cancer ! 1 ! W Lo (&0l
miR-33a-5p 3 ACGUUACGUUGAUGUUACGUG &' In VItro
- - DKK13' UTR 5'...UUUCUAAAGGUGCUGCACUGCCU... 3' . N
miR-34a Cardiac hypertrophy 1 ! i in vivo (61
miR-34a 3 UGUUGGUCGAUUCGUGACGGU &'
R Osteogenic DKK13 UTR 5'...UGAUUGCAGUAAAUUACUGUA... 3' ) )
miR-101-3p . genl t ! , NI in vitro [62]
differentiation miR-101-3p 3' AAGUCAAUAGUGUCAUGACAU &'
. Osteogenic DKK13'UTR 5'...UUAUUUUUCUAAAGGUGCUGCAC... 3' R .
miR-103a-3p ) gen 1 ! e in vitro 53]
differentiation miR-103a-3p 3' AGUAUCGGGACAUGUUACGACGA
.R 107 o t DKK13' UTR 5 .UUAUUUUUCUAAAGGUGCUG‘CAC... 3 . _t M
miR- Steosarcoma l T miR-107 3'ACUAUCGGGACAUGUUACGACGA & In vitro
. DKK1 3 UTR 5'...UUUUUCUAAAGGUGCUGCACUG... 3" . .
miR-130b-3p Melanoma 1 ! I in vitro [65]
miR-130b-3p 3" UACGGGAAAGUAGUAACGUGAC &'
H = e DKK1 3'UTR 5' ...AUAUGUUUAAAGAUGAUCAGAGA... 3" . 66
miR-146a Ankylosing spondylitis 1 I e e T exvivo €8
. . DKK1 3' UTR 5" ..UUUCUAAAGGUGCUGCACUGC.... 3' in vitro
miR-152 Multiple myeloma ! 1 IR L (671
miR-152 3" GGUUCAAGACAGUACGUGACU &' |n vlvo
Idiopathic pulmonar in vitro,
- DKK13'UTR 5'..GUGUAAGAGCUUUGUUUCUUUAU... 3' .
*miR-186-5p pathic pu y ! 1 T ex vivo, (e8]
fibrosis miR-186-5p 3 UCGGGUUUUCCUCUUAAGAAAC 5 ! )
in vivo
. DKK13'UTR §'...UGAACUGAAGUAAAUCAUUUCAG... 3" ex Vivo
Lung adenocarcinoma 1 T A
miR-203 3 GAUCACCAGGAUUU-GUAAAGUG &' In Vltro
miR-203 !
DKK13'UTR 5 UGAACUGAAGUAAAUC/HJUUCAG 3 m]

Osteoporosis 1 ‘ IV in vitro

miR-203 GAUCACCAGGAUUU-GUAAAGUG &

@




Disorder/Biological miR DKK1 Relative miR Predicted Binding Site in Study

miRNA . Ref.
Process Level Expression 3'UTR of DKK1 Type
DKK13'UTR 5'...GAACUCCCCUGUGAUI AGUAA... 3
in vi [71]
COIon cancer T l miR-217 3 AGGUUAGUCMGGACU‘]/:EELEIU 5 In VItro
DKK13 UTR v5' ACCAGCU---r---mmmmeer Al ﬁf 3: in
Hepatoce“ular T i miR-217 3' AGGUUAGUC--AGGACUUACGUCAU &' VitI‘OIex [E]
miR-217 carcinoma DKK1 3 UTR e vivo
miR-217 3 AGGUUAGUC--AGGACUUACGUCAU 5" In VIVO
osteonecrosis l T DKK13'UTR 5 ...GAACUCCCCUGUGAUﬁ}T/llﬁjJ]\A. 3 in Vii.:l’O, @
miR-217 3 AGGUUAGUCAAGGACUACGUCAU §' ex vlvo
. . DKK13'UTR 5'...UAAAUCCUCAGUGUG-GCACUUAC... 3' in Vitl’O, [74]
m|R-291a-3p OStEOPOFOSIS i ! miR-291a-3p 3 CCGUGUGUUUOACCUU-‘C(‘BUG/!V!\AS‘ in vivo
R B DKK13'UTR 5'..UAAAUUCUCAGUGUGGCACUUAC... 3' in vitro, [75]
mIR-302b-3p MUItIpIe myeloma l T miR-302b-3p 3 GAUGAUUUUGUACCUUC'('EI!)'GAU\U 5 in vivo
. DKK1 3'UTR 5'...UAAUUCUCAGUGUGGCACUUAC... ' . . [7_6]
Cardiac hypertrophy 1 N/A I in vitro
miR-302e 3 UUCGUACCUUCGUGAAU 5
miR-302e
; DKK13 UTR 5'..UCUCAGUGUGGCACUUA... 3' in vitro
Cervical cancer ! 1 LT T o [z
miR-302¢ 3 UUCGUACCUUCGUGAAU &' in vivo
N . . . DKK13' UTR 5'...CUACAUUGCCUUGUUUCUCUUGC... 3' . . [78]
miR-335-5p Diabetic osteoporosis ! 1 ! T 11T in vitro
miR-335-5p 3 UGUAAAAAGCAAUAACGAGAACU &'
miR- . . DKK13 UTR 5. U/TA;‘xnIJulc‘xIJcA[GI »»»»» l‘J(‘TU G”cA[cIﬁJA .3 R . [z9]
3713721373 Stem cell tumorigenesis ! ! LTI " i vitro
. Tongue squamous cell DKK1 3' UTR 5 ...UAAAUUCUCAGUGUGGCACUUA... 3 . . [80]
mIR-373-3p carcinoma T l miR-373-3p 3 GUGGGGUUUUAGCUUC‘LL'JLIALG 5 n VItro
H DKK13'UTR §' ..GCAGUGAACUCCUUUUAUAUA... 3" . .
miR-410 Colorectal cancer 1 ! _ NI in vitro [81]
miR-410 3" UGUCCGGUAGACACAAUAUAA 5
N OSteogenic DKK1 3 UTR 5' ..AUUUAACAUUUAAUAUCAUGAA... 3' i . [82]
mIR-433-3p differentiation T l miR-433-3p 3 UGUGGCUCCUCGGG’L!UL'GL‘J/'&(‘;JA 5 In VItro
. DKK1 3'UTR 5§ ..AUCUUACAUUACUACUUUCAA... 3 . . [&]
miR-488 Fracture ! i ) IR in vitro
miR-488 3" CUGGUUCUUUAUCGGAAAGUU 5
. . DKK13'UTR 5" ...AUGAAAACCUUUUAUGACCUUCA... 3" . .
miR-493-3p Gastric cancer 1 ! ) ‘ T in vitro [84]
miR-493-3p 3 GGACCGUGUGUCAUCUGGAAGU 5'
. Hepatocellular DKK13' UTR 5 ..GCAUAAGCOUUUAGCCCAUUUAA... . . [85]
miR-522 carcinoma ! ! miR-522 3 ueuGAGAuuucccuu(l,:IstU\As‘ in vitro
. . DKK13' UTR 5' ...GACUUAUGAACUAUUCUAGAG... 3' in vitro
miR-523-3p Retinoblastoma 1 ! RTIN o (86]
miR-523-3p 3" AGCUUAUGCGAUUAAGAUCUA 5 ex vlvo
. . L. DKK13' UTR 5 ...GACTGAGAAGGGCAAACATTCCT... 3' . . 871
miR-613 Rheumatoid arthritis ! 1 e 5 cosuuucuucctbILEL, o in vitro
. Cementoblast DKK13'UTR 5" ..TGTTGTAAATCCTCAGTGTGGCA... 3' . . MI
mlR-3064-3p differentiation ! 1 miR-3064-3p 3 AcAuuccAcAAcsuw‘c;lxéLyce‘u 5 in vitro
R R DKK1 3" UTR 5 ..CUUCUCCUCU... 3 in vitro
miR-6783-3p  Lung adenocarcinoma 1 ! ‘ TN L [89]
miR-6783-3p 3 ACCCAGGAGA & |n v‘vo
. . DKK13' UTR 5 ..GAACUCCCCUGUGAUUGCAGUAA... 3' in Vitl’O, [90]
mIR-6807-3p Lung adenocarCInoma T l miR-6807-3p 3 GACCCGGUUCGUCCUU\AICJSL(':/LC 5 in ViVO
miR- . . DKK13'UTR §' ...CACUGCCUAUUUUUCCUCUUGUUAUGUAA... 3' - - M
BART10_3p GaStrIC carcinoma T l miR-BART10-3p 3 U(UJCélGlUU rrrrrr G/L!}(L!JAer(!AlALlullclAlli 5 n VItro
) R ; DKK13'UTR ' ..GGCU-C! o C..3 - -
miR-BART22 Gastric carcinoma 1 ! o LTS TS invitro [92]
miR-E 3 UGAUGAUC- UGGUACU--GAAACAUU §'

Notes: Dots between miRNA and DKK1 sequence indicate wobble pairing. N/A, not applicable. *, These binding sites are
cited from TargetScan.org.
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