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Supplementary Figures 
 

 

Supplementary Figure 1: Sandalore® slightly decreases the number of apoptotic hair matrix 

keratinocytes 

The number of cleaved caspase-3+ cells (white arrows) in the hair matrix was evaluated in the hair bulb 

of all treated and vehicle HFs (a). Representative pictures of cleaved caspase-3 staining. Mean±SEM, 

n=17-22 HFs from 3 donors (independent experiments), Kruskal-Wallis test (P=0.0253) and Dunn’s 

multiple comparisons test as post hoc test, **P<0.01. DP, dermal papilla; HM, hair matrix. Scale bar: 

100µm. 
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Supplementary Figure 2: Phenirat® treatment alone tendentially induces premature catagen 
development in HF 

It is conceivable that the small difference between vehicle and Phenirat® alone may be due to the fact 
that the level of (unknown) endogenous OR2AT4 ligands still present in organ-cultured control HFs did 
not suffice to permit Phenirat® to efficiently compete with endogenous ligands at the receptor in our 
model; moreover, currently available literature data do not permit one to formally exclude that Phenirat® 
might also bind to other ORs, thus potentially counteracting hair growth-inhibitory effects it exerts via 
binding to OR2AT4. 
Hair cycle score was evaluated in treated and vehicle HFs after 6 days of culture using Ki-67/TUNEL 
immunofluorescence and Masson Fontana histochemistry (1). Mean±SEM, n=36-38 HFs from 3 donors 
(independent experiments), unpaired Student’s t-test, ns: not significant (a), Mean±SEM, n=52-58 HFs 
from 7 donors (independent experiments), Mann-Whitney test, ns: not significant (b).  
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Supplementary Figure 3: Sandalore® significantly decreases TGF2 expression in the ORS 

keratinocytes and can be reversed by the co-administration of Sandalore® with Phenirat® 

TGF2 expression was measured in ORS keratinocytes in treated and vehicle HFs (a). Representative 

pictures of TGF2 immunofluorescence. TGF2 expression was measured using Image J. Mean±SEM, 
n=20-27 HFs pooled from 3 donors (independent experiments), Kruskal-Wallis (P=0.004) and Dunn’s 
multiple comparisons test as post hoc test, *P<0.05, ***P<0.001. CTS, connective tissue sheath; IRS, 
inner root sheath; ORS, outer root sheath. Scale bar: 100µm. 

 



 

Supplementary Figure 4: OR2AT4-knockdown does not affect intrafollicular TGF2 protein 

expression under Sandalore® stimulation 

 

TGF2 protein expression was measured by quantitative immunohistomorphometry (image J) in the 

proximal ORS of HFs treated with OR2AT4-siRNA or scrambled oligos (a). Representative images of 

TGF2 immunofluorescence in the ORS of HFs. Mean±SEM, n=22-24 HFs from 3 donors (independent 

experiments), Mann-Whitney test, n.s.: not significant. CTS, connective tissue sheath; IRS, inner root 

sheath; ORS, outer root sheath. Scale bar: 100µm. 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 5: Microarray-based analysis of HFs after 6 hours stimulation with 

Sandalore® (500µM).  

Venny diagrams (2) showed the up- (a) and down-regulated (b) genes (Cut off: fold change >-1.8 or 

>+1.8 & equidirectional changes). White squares indicated genes up- and down-regulated in at least 3 
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AACSP1 CD55 FAM153C ISG20 LOC285638 PDLIM4 SMIM3

ABCA1 CD83 FAM179A ITPKC LOC285696 PF4 SMIM5

ABCC8 CDH16 FAM26D JAG2 LOC286068 PFDN2 SMOC1

ABCG1 CDKN1A FAM26E JMJD1C LOC339192 PHF21A SMOX

ABTB2 CDKN3 FAM27E2 JUN LOC400553 PHLDA2 SMPD3

ACKR3 CDNF FAM46C JUNB LOC400965 PIGA SMPDL3A

ACKR4 CDO1 FAM47E KBTBD8 LOC440910 PIK3IP1 SMTNL2

ACP6 CDRT1 FAM64A KCNB2 LOC541467 PITX1 SOCS3

ACSM3 CDSN FAM71F1 KCNG1 LOC644662 PLA2G2D SOD2

ACVR2B-AS1 CEACAM3 FAM83E KCNH6 LOC646626 PLA2G4E SOX12

ADAMTSL4-AS1 CEACAM4 FAM87A KCNIP2-AS1 LOC650293 PLAUR SOX21-AS1

ADAP2 CEBPA-AS1 FAXDC2 KCNJ5 LOC729224 PLB1 SOX6

ADD3-AS1 CEBPB FBP1 KCNK1 LPCAT2 PLBD1-AS1 SOX9

ADIG CENPI FBXO15 KCNK2 LPHN3 PLEKHA6 SPACA4

ADRA2C CES1 FDCSP KCNN4 LPIN3 PLXNC1 SPAG17

AGPAT9 CFAP53 FDFT1 KCNS1 LRAT PMP22 SPNS2

AIM1 CH25H FETUB KCNV2 LRFN5 PNCK SPRR2G

AJAP1 CHD2 FGF2 KDM6B LRRC20 PNPLA1 SQSTM1

AJUBA CHGA FGF7 KIAA0319 LRRC8C POU4F1 SSR4P1

ALAD CHRNA2 FGFR2 KIAA1551 LRRTM2 PP14571 SST

ALDH5A1 CHST1 FGFRL1 KIF12 LTB PPP1R3E SSTR1

ALOX12P2 CHST10 FIGN KLF10 LYPD2 PRCD STAR

ANGPTL4 CHST2 FLG2 KLF5 LYPD3 PRELP STC2

ANGPTL7 CIRBP FLJ20712 KLF7 LYVE1 PRLR STK26

ANKRD20A19P CLCF1 FLJ32255 KLHDC9 MAF PROC STK40

ANKRD35 CLCN4 FLJ41941 KLLN MAFF PRR15L STX11

ANXA1 CLDN1 FLJ43315 KPRP MAK PRR29 SULF2

AP1S3 CLDN19 FLJ46066 KRT1 MAP7 PRSS22 SULT2A1

APCDD1 CLDN20 FLVCR1-AS1 KRT13 MAPT PRSS50 SYN3

APLNR CLEC1B FNDC3B KRT18 MC3R PSAPL1 SYT17

APOBEC2 CLGN FOS KRT18P55 MEDAG PSCA TAC1

APOBEC3A CLIC3 FOSB KRT28 MESP1 PSG10P TBX1

AQP7P3 CLIC6 FOSL1 KRT31 METRNL PSORS1C3 TCHH

AREG CLSTN2 FOXD1 KRT33A METTL7A PTCHD3 TET3

ARG2 CNN1 FOXJ1 KRT33B MFI2 PTGES TEX14

ARHGAP24 CNOT4 FRMPD1 KRT36 MFSD4 PTGS2 TFPI2

ARHGAP29 CNPY1 FRZB KRT6B MIR4500HG PTHLH THAP2

ARHGEF2 CNTLN FSHB KRTAP10-11 MIR4697HG PTP4A1 THBS1

ARL5B COL11A2 G0S2 KRTAP10-12 MMAB PTPLAD2 THEM5

ARMC12 COL17A1 GABRA1 KRTAP10-2 MMP1 PTPRH TIPARP

ARSJ CPA6 GABRB2 KRTAP10-3 MMP10 PTPRT TM4SF19

ASB15 CPEB4 GADD45A KRTAP10-4 MMP20 PTX3 TMC7

ASB9 CREB3L3 GADD45B KRTAP10-7 MMP27 PUS7L TMCC3

ASCL4 CREM GAGE7 KRTAP12-1 MMP7 PXMP4 TMEM114

ASNS CRISPLD1 GAMT KRTAP16-1 MMS22L RAB39B TMEM187

ATG9B CRY1 GATA6 KRTAP19-7 MN1 RASD1 TMEM19

ATP12A CRYBA1 GATSL3 KRTAP4-3 MOCOS RASL10A TMEM200B

ATP13A4 CSF3 GDF15 KRTAP5-11 MRGPRX4 RBBP5 TMEM237

ATP1A1-AS1 CSRNP3 GEM KRTAP5-3 MSC RBM46 TMEM39A

AVPR1A CTAGE10P GFPT2 KRTAP5-5 MSX1 RBMY2EP TMEM64

AXIN2 CTAGE5 GGT8P KRTAP5-7 MTHFD2 RCAN1 TMPRSS4

B3GNT2 CTH GJA8 KRTAP5-8 MTHFD2L RELB TNF

B3GNT5 CTSS GKN2 KRTAP9-7 MTUS2-AS1 RERG TNFAIP2

BAD CUBN GLB1L2 KTN1-AS1 MUC5B RERGL TNFAIP3

BAIAP3 CX3CR1 GLI1 LAMP5 MUM1L1 RGS16 TNFAIP6

BCAS1 CXCL1 GLRA2 LBP MVK RGS9BP TNFRSF10B

BCL10 CXCL2 GPCPD1 LCE5A MXD1 RHOQ TNFRSF11B

BCL11B CXCL3 GPR111 LCE6A MYBPH RHOXF1 TNFRSF12A

BCL3 CXCL8 GPR19 LEMD1-AS1 MYOM2 RHPN1 TNFRSF19

BDKRB1 CYMP GPR37L1 LGR4 MYOM3 RHPN1-AS1 TNFSF14

BDKRB2 CYP1B1-AS1 GPRC5A LHFPL2 NAMPT RIMBP3 TNFSF9

BEST1 CYP2C9 GPSM2 LIF NANS RIPK2 TNS4

BEST3 CYP2E1 GRIA4 LINC00163 NCAPD2 RMI2 TOP1

BHLHE40 DCAF8L1 GRIK4 LINC00242 NCOA7 RND1 TOP1P2

BIN2 DCD GRM2 LINC00284 NEIL3 RNF39 TOR1AIP1

BIRC3 DCLK3 GUCA2A LINC00313 NEU2 ROM1 TP53AIP1

BMP6 DDIT4 H6PD LINC00319 NEURL3 RPRM TREM2

BRICD5 DDX53 HAS1 LINC00324 NFKB1 RPS16P5 TRIB3

BRS3 DEFB131 HBEGF LINC00334 NFKB2 RTP4 TRIL

BTD DEPDC7 HERPUD1 LINC00452 NFKBIA RXRA TRPC6

C10orf67 DFNB59 HES5 LINC00636 NFKBIZ RYBP TRPM6

C11orf45 DHRS2 HHIP-AS1 LINC00640 NGFR RYR3 TRPV3

C11orf96 DIRC1 HIST1H1T LINC00683 NNMT S100A7L2 TSPYL2

C14orf132 DISC1 HIST2H2AA4 LINC00698 NOD2 SAA1 TTTY18

C15orf27 DLEC1 HIST4H4 LINC00700 NODAL SAA2 TUBAL3

C15orf52 DLGAP5 HMMR LINC00842 NPPC SAA3P TUBBP5

C17orf98 DLK2 HOMER1 LINC00856 NPTX1 SALL2 TYMSOS

C1orf204 DLX4 HOTAIR LINC00928 NPTX2 SCG2 TYSND1

C1orf74 DMRTC1 HOXC6 LINC00936 NR1I3 SCGB1D2 UBTFL1

C1QL4 DNAJA4 HPN LINC00977 NR4A1 SCIN UGCG

C1RL DNAJB1 HSBP1L1 LINC01018 NR4A2 SCN4B ULBP1

C20orf62 DNAJB4 HSP90AA1 LINC01214 NRAP SDC4 ULK4P1

C2orf54 DNAJB5 HSP90AA2P LINC01235 NRG1 SDR9C7 UPP1

C3orf20 DNAJB9 HSPA1A LINC01431 NRIP1 SEC24D USP27X-AS1

C3orf52 DNAJC12 HSPA4L LINC01485 NTF4 SELK USP36

C5orf46 DNALI1 HSPA5 LINC01546 NUDT7 SEMA3B USP43

C6orf141 DPPA3 HSPH1 LINC01549 OAF SEMA4D USP44

C7orf33 DRAM1 HUS1B LINC01552 OASL SERPINA11 USP53

C9orf129 DSCAML1 ICAM1 LINC01561 ODC1 SERPINB8 VASP

C9orf43 DSG1-AS1 ICAM4 lnc-AC005323.1.1-1 OGN SERPINE2 VAV3

C9orf66 DSPP IDH1 lnc-BAI1-1 OLFM4 SERTAD1 VAX2

CABYR DUSP1 IFNE lnc-CTIF-1 OLR1 SERTAD4-AS1 VMP1

CACNA1E DUSP6 IFT57 lnc-INTS9-1 OR2B6 SESN1 VN1R1

CAMP DYRK3 IGFL3 lnc-IRF4-1 OR2T12 SESN2 VN1R10P

CAMTA1 E2F7 IGSF9B lnc-MYO10-1 OR4F29 SETD7 VPS37B

CAND1 EGF IKBKE lnc-NPHS2-1 OR4S1 SGK2 VSIG8

CAPN12 EGFEM1P IL10RA lnc-SNURF-3 OR51E1 SH3PXD2B VSTM2A-OT1

CAPN13 EGFL6 IL11 lnc-SREK1-1 OSBP2 SHMT1 WDR31

CAPN8 EGR2 IL12RB2 lnc-ZCCHC7-3 OSM SIK1 WEE2-AS1

CAPNS2 EGR4 IL15 lnc-ZNF117-1 OTOR SIRT1 XBP1

CAPS EHD4 IL17RE LOC100049716 OXGR1 SLC13A5 XLOC_l2_006196

CAPZA3 ELF3 IL1B LOC100128184 P4HA3 SLC17A3 XLOC_l2_008130

CASC10 ELOVL7 IL1RN LOC100129311 PADI1 SLC17A9 XLOC_l2_013457

CASP9 ENTPD7 IL20 LOC100129550 PAK3 SLC1A6 XLOC_l2_013648

CASR EPN3 IL22RA1 LOC100129617 PAK7 SLC20A1 XLOC_l2_015641

CAV1 EPO IL23A LOC100131347 PALM2 SLC26A7 ZBED2

CBLN2 EREG IL24 LOC100131541 PAPPA SLC26A9 ZBED5-AS1

CBX3P2 ERP27 IL31RA LOC100131581 PARM1 SLC28A2 ZC3H6

CCDC102A ERRFI1 IL36B LOC100132146 PAX8-AS1 SLC2A11 ZDHHC8P1

CCDC169 ESM1 IL36G LOC100133306 PCDH8 SLC2A12 ZFAND2A

CCDC178 ESYT3 IL6 LOC100270804 PCDHB5 SLC2A4 ZFP36

CCKBR EVPLL IL7R LOC100506036 PCNX SLC30A8 ZNF287

CCL1 EXT1 INHBA LOC101927285 PCSK1 SLC39A14 ZNF432

CCL2 F2RL3 INPP5D LOC101928424 PCSK9 SLC39A2 ZNF503-AS1

CCL20 FABP2 INPP5J LOC101928561 PCYOX1 SLC47A2 ZNF541

CCL3 FABP9 INSM1 LOC101929465 PDE11A SLC51A ZNF775

CCL7 FAM126A IQCH LOC102724074 PDE4B SLC5A9 ZSCAN5B

CCRN4L FAM129C IRAK2 LOC149351 PDE5A SLCO4A1 ZXDA

CD247 FAM131B IRAK3 LOC152225 PDE6A SLFN11

CD5 FAM132B IRF1 LOC152286 PDK2 SMAD6
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Donor 2 Donor 3
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of 4 donors (independent experiments). The heatmap showed the list and the expression level of the 

most up and down-regulated genes (Cut off: fold change >-1.8 or >+1.8 & equidirectional changes) in 

at least 3 of 4 donors (independent experiments) (c). The gene in bold are related to the different 

pathways involved after OR2AT4 activation (Green: apoptosis-related; orange: dermcidin-related; and 

violet: IGF-related). 

 

Supplementary Figure 6: Microarray-based analysis of HFs after OR2AT4 knock-down.  

Venny diagrams (2) showed the most up- (a) and down-regulated (b) genes (Cut off: fold change >-1.8 

or >+1.8 & equidirectional changes). White squares indicated genes up- and down-regulated in at least 

3 of 4 donors (independent experiments). The heatmap showed the list and the expression level of the 

most up and down-regulated genes (Cut off: fold change >-1.8 or >+1.8 & equidirectional changes) in 

at least 3 of 4 donors (independent experiments) (c). The gene in bold green is related to the apoptosis 

pathway involved after OR2AT4 activation.  
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Supplementary Figure 7: Sandalore® increase dermcidin protein expression in the epithelium of 

human scalp HF  

Dermcidin (white arrows) protein is indeed up-regulated by Sandalore® (e.g. 1 positive cell for vehicle 

vs >4 positive cells for Sandalore®-treated HFs in the representative pictures presented here) in the 

epithelium of human scalp hair follicles (a-b). Representative images of dermcidin immunofluorescence 

in the epithelium of vehicle (a) and Sandalore®-treated (b) HFs from 3 different donors (N=3 independent 

experiments). Scale bar: 100µm. 

 

 

Supplementary Figure 8: (uncropped WB images related to Figure 2f) 
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Supplementary Notes 

Supplementary Note 1: 

Given the extremely scarce availability of human scalp HFs, classical dose-response studies are 

generally not possible, and the test agent concentrations used must be carefully selected. The choice 

of 500µM was based on the previously established dose–response curve of Sandalore®-induced Ca2+ 

signals on HaCaT cells and human keratinocytes (3) where the IC50 was 430µM. In this previous study, 

we had also shown that, at 500µM, the proliferation and migration of human epidermal keratinocytes is 

significantly increased compared to vehicle and that the reepithelialisation of experimental human skin 

wounds ex vivo is significantly accelerated, while concentrations below 100µM failed to activate 

OR2AT4 (3). In additional preparatory experiments, we had also compared the effects of 50 and 500µM 

of Sandalore® on hair matrix keratinocyte proliferation/apoptosis as well as on OR2AT4 expression; 

again, this demonstrated maximal effects at 500µM (Fig. 3a-e). In addition, toxicological screens such 

as genotoxicity and cytotoxicity test in vitro, and carcinogenicity test in vivo, Sandalore® did not exhibit 

carcinogenicity (4). Furthermore, Sandalore® is not listed as carcinogenic substance by the OSHA 

(Occupational Safety and Health Administration (29 CFR 1910.1001-1050)). 

 

Supplementary Note 2: 

Phenirat® is known to be a competitive antagonist of OR2AT4 only in the presence of Sandalore® (3). 

Although the results deriving from the pool data of the three independent experiments (3 donors) 

presented during the first submission do not support the hypothesis that Phenirat® itself may promote 

premature catagen development (see Fig. 1b), we have clarified this in four additional ex vivo 

experiments. This showed that Phenirat® alone tendentially promotes premature catagen development 

ex vivo, even though this did not reach significance due to the high degree of interindividual variability 

in human HF responses to Phenirat® seen in these experiments (see Supplementary Fig. 2a). This new 

data together with our old data (see supplementary Fig. 2b) suggest that, overall, Phenirat® operates 

only as a weak inhibitor of human hair growth ex vivo in the absence of Sandalore®. It is conceivable 

that the small difference between vehicle and Phenirat® alone may be due to the fact that high levels of 

(unknown) endogenous OR2AT4 ligands still present in organ-cultured control HFs did not suffice to 

permit Phenirat® to efficiently compete with endogenous ligands at the receptor in our model; moreover, 

currently available literature data do not permit one to formally exclude that Phenirat® might also bind to 

other ORs, which might counteract the hair growth-inhibitory effects it exerts via binding to OR2AT4. 

 

Supplementary Note 3: 

The concentration of IGF-1 neutralizing antibody used in our study has been shown to neutralize 5.0 

ng/ml of IGF-1 (see datasheet of the IGF-1 neutralizing antibody, Abcam, ab9572). We have purposely 

used this concentration of the neutralizing antibody to neutralize only a certain percentage of the 

endogenous IGF-1 present in the hair follicle ex vivo, to be able to have at least some hair follicles 

remaining in anagen after the treatment (IGF-1 is required for maintaining human HFs in anagen [5]). 



As one can appreciate in Fig. 1e, the selected concentration of IGF-1 neutralizing antibody was sufficient 

to promote premature catagen induction by reducing the concentration of available endogenous IGF-1 

for the binding to the receptor (see hair cycle staging graph). Instead, Sandalore®, which increases 

endogenous IGF-1 protein expression and prolongs anagen (Fig. 1b, d), significantly counteracts 

premature catagen induction by the selected concentration of IGF-1 neutralizing antibody. Therefore, 

this data strongly suggests that the anagen-prolonging effect of OR2AT4 activation by Sandalore® is 

mainly, but possibly not exclusively, due to the increased IGF-1 secretion.  

 

Supplementary Discussions 

 

Supplementary Discussion 1: 

Mice have an OR2AT4 homolog which might exert a conserved role in HF growth. In fact, OR2AT4 is 

one of the most homologous ORs between human and mice (88% conserved), with the highest known 

OR homology between mice and humans being about 94% (source: The Human Olfactory Data 

Explorer). Therefore, it is theoretically conceivable that the murine OR2AT4 receptor might be activated 

by the same ligands and plays a similar role in murine HF biology as it does in human scalp HFs. 

However, the molecular receptive field of murine OR2AT4 would first have to be rigorously tested, 

because the exchange of just one of its about 320 amino acids is sufficient to greatly change the 

spectrum of OR ligands recognized greatly (6). Therefore, it remains quite uncertain and as yet entirely 

unproven whether the murine OR2AT4 receptor recognizes the same ligands as its human counterpart.  

Supplementary Discussion 2: 

Previously, we had addressed the specificity and receptor dependence of Sandalore® effects at the 

relatively high concentration tested here in human HaCaT cells and primary human epidermal 

keratinocytes (3). This had demonstrated that after 5 days of Sandalore® stimulation in the presence of 

specific antagonist of OR2AT4 or of relevant signalling pathway blockers (adenylyl cyclase inhibition by 

MDL-12.330A or SQ-22536; CNG channel inhibition by L-cis Diltiazem), the Sandalore® effect in HaCaT 

cells or primary human epidermal keratinocytes was completely blocked, without any effects on cell 

morphology or any other cell biology parameter evaluated. In addition, co-application of the specific 

OR2AT4 antagonist Phenirat® with Sandalore® (1:1, 500 mM) completely blocked Sandalore®-induced 

calcium signals in HaCaT cells (3), indicating that the effects of Sandalore® are based on the activation 

of OR2AT4 in keratinocytes. Most importantly, silencing OR2AT4 in organ-cultured HFs clearly showed 

that – notably in the presence of high-dose Sandalore® – OR2AT4 knock-down exerted the opposite 

effects of agonist treatment alone and profoundly inhibited both hair growth (i.e. OR2AT4 siRNA 

shortened anagen and prematurely induced catagen and up-regulated hair matrix keratinocyte 

apoptosis) and intrafollicular IGF-1 production (see Fig. 5). 
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