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Abstract

Aloe vera is a popular medicinal plant in the cosmetic, pharmaceutical, and food
industries. Acemannan (ACE), a -(1,4)-acetylated mannan, is one of the bioactive
compounds isolated from the A. vera gel. The pharmacological effects of ACE have
been reported regarding digestive disease protection, antimicrobia, and prebiotic
activity. Here, we used human HaCaT cells as a model to uncover the potential
biological functions of ACE in keratinocytes. ACE increased cell growth in a
concentration-dependent manner, and a higher incorporation of BrdU was detected in
ACE-treated cells than in vehicle-treated cells, indicating ACE promotes cell
proliferation. Furthermore, ACE concentration-dependently promoted cell migration in
the wound scratch model. ACE regulated cell differentiation by transiently decreasing
p63a expression, but increasing the expression of involucrin, loricrin, and
transglutaminase 1 (TGase 1). These effects were non-additive to those induced by
phorbol myristate acetate (PMA), but additive to epidermal growth factor (EGF), which
are complete and incomplete differentiation agents of keratinocytes, respectively.
Moreover, ACE activated EGF receptor (EGFR), protein kinase C (PKC), and protein
kinase B (AKT/PKB). PKC inhibitor Ro320432 enhanced cell growth and migration,
while EGFR inhibitor osimertinib blocked both responses. In summary, ACE is a
potential therapeutic agent in wound healing. ACE activates PKC, leading to
keratinocyte differentiation and activates EGFR, contributing to Kkeratinocyte

proliferation and migration.

Keywords: Acemannan, Keratinocytes, EGFR, Proliferation, Migration,

Differentiation.
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Introduction

Aloe species (family Asphodelaceae) have been used as medicinal plants for centuries.
Most commercially related products are derived mainly from the A. vera of the Aloe
genus. A. vera has been reported to have pharmacological activities including digestive
disease protection, antidiabetic, antimicrobial, prebiotic, anticancer, cardioprotection,
bone protection, wound healing, and skin protection*?. These pharmacological
activities are mainly due to the rich content of bioactive phytochemicals in A. vera such
as aloesin, aloin, emodin, aloe-emodin, and acemannan!. Nevertheless, some
phytochemicals of A. vera have also been reported to be cytotoxic. For example, aloin
is associated with diarrhea due to increased gastric motility, leading to pathological
changes in the mucosa®*. Another aloe compound emodin has been reported to induce
hepatotoxicity in zebrafish by activating nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB)-mediated inflammatory pathway and p53-mediated
apoptosis®. In addition, emodin can cause nephrotoxicity®, induce DNA fragmentation
that leads to genotoxicity in a mouse model’, and phototoxicity by generating singlet
oxygen when cells are irradiated with UV?,

Acemannan (ACE), one of the main bioactive polysaccharides of A. vera, has been
reported to be of great value in applications in medical and industrial fields®°. ACE
can prevent pulp inflammation and oral ulceration'!'2 and has beneficial antimicrobial
and prebiotic activities'®. A report on dentistry demonstrates the immunomodulatory
ability of ACE. ACE binds to Toll-like receptor 5 (TLR5) to enhance the binding of
NF-xB to DNA, leading to an increase of interleukin-6 (IL-6) and interleukin-8 (IL-8)
gene expression in human gingival fibroblasts!*. In addition, ACE positively affects
cutaneous wound healing in the mouse skin wound model*®. A further study in cultured
skin primary fibroblasts indicates that ACE promotes the expression of cyclin D1 via

activation of protein kinase B (AKT)/mammalian target of rapamycin (mTOR)-
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eukaryotic translation initiation factor 4F (elF4F) signaling pathways®™. With this
finding, recent studies focus on the feasibility of applying ACE-based films in wound
dressings?®.

Keratinocytes are the major cell types in the skin and normal proliferation and
differentiation of keratinocytes play a crucial role in skin barrier function. Aberration
of keratinocytes by excessive proliferation and poor differentiation leads to psoriasis,
skin inflammation, and impaired epidermal barrier integrity!”!®. In contrast,
keratinocyte growth and migration loss lead to impaired wound healing in diabetic
patientst”°. It is well-recognized that epidermal growth factor (EGF) is the key growth
factor in mediating keratinocyte growth and migration?>?*, Although aloe extract can
promote wound healing, proliferation, and differentiation of keratinocytes via the
upregulation of growth factors such as keratinocyte growth factor-1, transforming
growth factor-g, insulin-like growth factor 1, vascular endothelial growth factor, and
basic fibroblastic growth factor>??, and ACE has a high potential for skin wound
healing>®, the direct action of ACE on keratinocytes remains unclear. Therefore, in
this study, we used human HaCaT cells as a model to explore the effects of ACE on the
growth, migration, and differentiation of HaCaT cells and deciphered the underlying
mechanism by which ACE regulates the cell physiology of keratinocytes. HaCaT is a
spontaneously transformed immortal keratinocyte from adult human skin, and the
preserved features allow it to be widely used in the characterization of human
keratinocytes in scientific research?®. The information provided in this study would help

us pave the way for the therapeutic development of ACE in skin diseases.
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Results

Quantification of ACE and O-acetyl content in A. vera polysaccharide (150)

There are no commercially available A. vera polysaccharide reference materials with
known acetyl content. Hence, an industrial sample from Dazzeon Biotech. Co., Ltd of
purified aloe polysaccharide (internal ACE standard) isolated from A. vera inner leaf
powder and prepared by various gradient ethanol precipitation processes was used to
prepare the standard curve. Fig. S1 illustrates the elution profiles of Aloe powder (200X,
Fig. S1A), and isolated aloe polysaccharide (150, Fig. S1B) obtained by high-
performance size exclusion chromatography-refractive index detection (HPSEC-RI).
Aloe powder exhibited four distinct peaks (heterogeneous polydisperse profile) of
major intensities at 13.0 (11.8 to 16.8-broad peak), 17.3, 19.6, and 21.5 min by the RI
detector (Fig. S1A). The 150 presents broadband only at the retention of 16.7 min (Fig.
S1B) in agreement with that observed in Aloe powder (200X). The ACE content of Aloe
powder was estimated to be 87.21% by comparing with the calibration curve (Fig. S2A)
using Dazzeon’s internal ACE standard as a reference compound. The O-acetyl content
of 150 was quantified by measuring the complex’s absorbance at 540 nm and comparing
it with a calibration curve (Fig. S2B) using acetylcholine chloride (C7H16CINO>) as a
reference standard®*. The results indicated that the level of O-acetyl content in 150 was

590.43 mg/g (59.04%).

Molecular weight and monosaccharide composition analysis of 150

The average molecular weight of the isolated polysaccharide 150 was determined using
HPSEC-RI. Pullulan standards were used for plotting a trendline, and the relative
molecular weight of 150 was 37 kDa based on the highest detected peak point inside
the trendline range (Fig. S3).

Monosaccharide composition analysis of 150 was examined by high-performance
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anion-exchange chromatography-pulsed amperometric detection (HPAEC-PAD).
Trifluoroacetic acid (TFA)-solubilized 150 and standards were hydrolyzed in duplicate
and then analyzed by HPAEC-PAD. The results showed that the main monosaccharide
observed for 150 was mannose, with lower amounts of arabinose, glucose, and galactose

(Table 1).

Characterization of 150

The 3C-NMR spectrum of 150 showed six main signals, one in the anomeric and five
in the skeletal regions for mannose moieties, at 6c 100.1 (C-1), 70.0 (C-2), 71.3 (C-3),
76.6 (C-4), 75.3 (C-5), and 60.6 (C-6) (Fig. 1, left y-axis). The anomeric major signal
at ¢ 100.1 was attributed to C-1 of B-mannopyranosyl units. In the tH-NMR spectrum
(Fig. 1, top x-axis), the presence of anomeric signals at 6 4.67 and 4.64 were in
agreement with B-glycosidic linkage. The H- and *C-NMR spectrums of 150 are
consistent with our previous study?®. From the heteronuclear single quantum coherence
(HSQC) experiment, the correlations at 100.12/4.67, 4.64, 70.04/5.44, 71.26/5.36,
76.59/3.74, 75.32/3.49, and 60.61/3.83, 3.70 ppm were assigned to C-1/H-1-C-5/H-5
and C-6/H-6a, b, respectively of the 4-linked B-mannopyranosyl units. In the *C-NMR
spectrum of 150, the signals of low intensity at 6c 102.5 (correlated with the H-1 at on
4.44 ppm in the HSQC experiment) designated the presence of -glucopyranosyl units.
Furthermore, other carbon signals at ¢ 73.3 (C-2), 77.1 (C-3), 77.9 (C-4), and 73.5 (C-
5) were assigned for glucopyranosyl units from the HSQC spectrum. These chemical
shifts were in good agreement with the *C-NMR data of the acetylated
galactoglucomannan and indicated the presence of 3-mannosyl and B-glucosyl residues
in the isolated polysaccharide. The cross peak of H-1/C-1 atoms of very low intensity
in the HSQC spectrum at 4.98/98.5 ppm indicated the presence of terminal a-D-

galactose units linked to the acetylated mannose, which was consistent with the
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monosaccharide composition results?.

Therefore, the data of NMR together with chemical analysis (Table 1)
demonstrated that the major structure of 150 appears to be B-(1—4) linked
mannopyranosyl-glucopyranosyl backbone with a single branched galactose at C-6 of
second acetylated mannose residue and there are abundant acetyl groups randomly
distributed in the O-2, O-3, and O-6 positions of mannose (Fig. S4) with a relative
molecular weight of 37 kDa. Although, the isolated polysaccharide 150 showed a
similar backbone structure as those of ACE polymer proposed by Chokboribal et al.?’,
it differed in molecular weight and proportion of percentage of monosaccharide

constituents.

ACE promotes HaCaT cell proliferation

Functionally we first analyzed whether ACE is cytotoxic to HaCaT cells. We treated
cells with different concentrations of ACE dissolved in deionized H2O and then
performed MTT assays to determine cell viability. The results showed that ACE at
concentrations up to 3 mg/ml did not cause cytotoxicity after 48 h incubation.
Furthermore, cells treated with 5 mg/ml ACE dissolved in H2O for 24 and 48 h also did
not cause cytotoxicity as indexed by MTT assay (Fig. 2A) or by Annexin V/PI staining
(Fig. 2B). When the ACE concentration was 10 mg/ml, the cell viability indexed by
MTT assay was reduced to about 40% after 24 h of treatment (data not shown). To avoid
unnecessary interference resulting from cell death, we used ACE at concentrations not
higher than 3 mg/ml for analysis in subsequent experiments. We examined whether
ACE affects cell growth. After 24 h of starvation, the cells were cultured with DMEM
containing 10% FBS, and treated with different concentrations of ACE. We found that
cell growth was promoted by ACE in a concentration-dependent manner (Fig. 2C). The

data from the BrdU assay also showed that ACE-treated cells had a higher BrdU uptake,
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indicating that ACE promotes the DNA synthesis of cells at the S-phase of the cell cycle

(Fig. 2D).

ACE enhances HaCaT cell migration

Next, we determined the effect of ACE on keratinocyte migration. We used a wound
healing model by seeding cells in a 2-well silicone culture insert to create a gap between
cells. Because ACE can increase cell growth as shown in Fig. 2, we treated cells with
mitomycin C during the cell migration assays to avoid cell growth interfering with cell
migration results. We first determined the proper concentration of mitomycin C to
inhibit cell growth but not to induce cell death. As shown in Fig. 3A (left panel),
mitomycin C at 2 ug/ml and 5 pug/ml blocked cell growth and reduced cell number. The
reduction of cell number occurred at 48 h- and 24 h-treatment of mitomycin C at 2
ug/ml and 5 pg/ml, respectively. Based on the purpose of using mitomycin C to
maintain cell number at the original level but not to exert a suppression which affects
cell migration assay, mitomycin C at 2 pg/ml might be proper in the migration assay
within 24 h. To further confirm this issue, we tested the effects of mitomycin C (2 ug/ml)
together with ACE. We found ACE-induced cell growth was abrogated by mitomycin
C (2 pg/ml) (Fig. 3A, right panel). Based on the above results, we measured cell
migration in the condition with mitomycin C (2 ug/ml) and ACE co-treatment. As
shown in Fig. 3B, cells treated with ACE (3 mg/ml) had higher migration than cells

treated with vehicle.

ACE induces the expression of keratinocyte differentiation markers in an
EGFR/PKC-dependent manner
We also explored whether ACE affects the differentiation of HaCaT cells. To this end,

we treated cells with ACE and then determined the expression levels of specific
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differentiation marker proteins. In parallel, cells were also treated with the
differentiation-inducing agent phorbol myristate acetate (PMA, 100 nM) as the standard
response. Similar to the effect of PMA, ACE (3 mg/ml) could increase the expressions
of involucrin and loricrin, but not keratin 10 (K10), within 6-36 h (Fig. 4A). After
treatment for 36 h, we found ACE at 1 mg/ml was sufficient to increase involucrin,
loricrin, and transglutaminase 1 (TGasel) as the effects at 3 and 5 mg/ml (Fig. 4B).
Moreover, p63o. is a key regulator of keratinocyte differentiation, and its
downregulation is a prerequisite?®-°, We found ACE can downregulate p63c. within 12
h, but after 12 h the effect was no longer observed (Fig. 4A). The biphasic changes (i.e.
early downregulation) of p63a are consistent with the previous notion showing the dual
roles of p63a in keratinocyte differentiation and proliferation?®2°. Moreover, these
results suggest a positive role of ACE in inducing cell differentiation.

EGFR and protein kinase C (PKC) are important regulators for keratinocyte
differentiation; however, the differentiation markers resulting from EGFR and PKC
activation are not all the same®*?33 Unlike PMA whose activation of PKC is
regarded to induce full terminal differentiation, incomplete keratinocyte differentiation
is induced by EGF. Herein, we determined the effects of ACE on EGFR and PKC
activities. Like PMA, ACE could activate EGFR and PKCp, as well as EGFR
downstream molecule AKT, as indexed by increasing their phosphorylation (Fig. 5A).
We found ACE-induced EGFR phosphorylation was weaker in extent and shorter in
duration than PMA (Fig. 4A & 5A). Of note, we observed the rapid upregulation of
EGFR protein expression by PMA and ACE (Fig. 4A & 5A). In addition, ACE induced
higher PKCp activation than PMA (Fig. 5A). These findings suggest the roles of EGFR
and PKC in the action of ACE.

To decipher if EGFR activation contributes to the action of ACE and PMA, we

treated cells with an EGFR inhibitor osimertinib. As shown in Fig. 5B, we found
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osimertinib (1 uM) abolished ACE-induced activations of AKT and PKC. In addition,
to understand whether ACE also activates both molecules through TLR5, which has
been reported to bind to ACE selectively through its ectodomain flagellin recognition
sites’®, we treated cells with a TLR5 inhibitor TH1020 before the addition of ACE. We
found that TH1020 (2 uM) cannot affect ACE-induced activation of AKT and PKCf
(Fig. 5B), suggesting that ACE induces AKT and PKCJ activation through EGFR but
not TLR5.

To further confirm that ACE triggers the AKT/mTOR signaling pathway through
EGFR activation, we analyzed the effect of ACE on primary normal human epidermal
keratinocytes (NHEK). As shown in Fig. 5C, we observed EGFR, AKT, mTOR, and
PKCBII activations by increasing their phosphorylations in ACE-treated NHEK cells
compared to vehicle-treated cells. Pretreatment of EGFR inhibitor osimertinib
suppressed ACE-induced phosphorylation of these proteins, which is consistent with
our finding in HaCaT cells.

To further understand whether ACE induces keratinocyte differentiation through
EGFR and PKC activation, we compared the expression of differentiation marker
proteins in cells treated with ACE alone or co-treated with PMA or EGF. The results
showed that ACE treatment could increase the expressions of involucrin, loricrin, and
TGase 1 compared to the vehicle group. Co-treatment with PMA could not further
increase the expressions of these molecules compared to ACE treatment alone,
suggesting the non-additive effects of ACE and PKC. On the other hand, the
combination effects of ACE and EGF on loricrin and TGase 1 displayed the additivity
(Fig. 6A). In addition, the expression of involucrin caused by ACE and PMA was
significantly inhibited when co-treated with osimertinib (Fig. 6B). Based on these
findings, ACE might induce keratinocyte differentiation via EGFR-PKC activation, and

EGFR transactivation is essential for keratinocyte differentiation.
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Osimertinib inhibits ACE-induced proliferation and migration in HaCaT cells
We further investigated whether ACE promotes cell growth via activation of EGFR and
PKC. As described above, ACE increased cell growth compared to the vehicle group,
and we found that osimertinib itself inhibited cell growth as well as that induced by
ACE. Treatment with PKC inhibitor Ro320432 alone significantly increased cell
growth, and co-treatment with PMA or ACE decreased R0320432-induced cell growth
(Fig. 7A). These findings suggest that EGFR and PKC are involved in regulating the
cell proliferative action of ACE in different manners, where PKC is a negative regulator,
while constitutive EGFR activation is a positive regulator.

Next, we examined the roles of EGFR and PKC on ACE-induced cell migration.
As shown in Fig. 7B, cells treated with R0o320432 or EGF exhibited faster migration
than vehicle-treated cells, whereas PMA and osimertinib themselves alone inhibited
cell migration as well as that induced by ACE. Accordingly, as we suggest for cell
growth, EGFR and PKC oppositely regulated the keratinocyte migration regardless of

the presence or not of ACE.

Discussion

Aloe extract has been reported to promote wound healing, cell proliferation, and
differentiation of keratinocytes??, suggesting the therapeutic potential of this herb
medicine in skin injury. Therefore, exploring the direct effect of ACE, the major
bioactive component of Aloe, in keratinocyte biology is interesting. In this study, we
for the first time found that ACE promotes HaCaT cell proliferation and migration, and
induces the expression of differentiation markers like involucrin, loricrin, and TGasel,
indicating that ACE should be one of the components that contribute to the beneficial

effects of Aloe extract in wound healing. It has been reported that deacetylation



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

deactivates ACE bioactivity?” and in our previous work, we found ACE with higher O-
acetyl group content exhibited better biological activity against colorectal cancer cell
lines®. The mechanistic study further shows the ACE's effect in activating EGFR and
PKC in keratinocytes, which differentially contribute to the impact of ACE in cell
proliferation, migration, and differentiation.

EGFR is the most important growth factor in keratinocytes and it can be easily
activated via autocrine/paracrine and transactivation manners. For example, UVB and
PKC activator PMA have been shown to induce the rapid and sustained activation of
EGFR in keratinocytes®*3¢. Our results showed that ACE like PMA activates EGFR
and PKC, and increases EGFR protein expression. Both EGFR and PKC have been
documented to play important roles in regulating keratinocyte proliferation3*37,
migration®%%, and differentiation?>2831-3%, However, their effects on these events are
not all the same.

Unlike EGFR activation which increases growth®, migration®, and
partial/incomplete differentiation in keratinocytes®?, PMA-mediated PKC activation
leads to complete differentiation®, but growth and migration inhibition®"3°. As to cell
growth, our data support the previous notion that PKC activation induces an inhibition
of keratinocyte proliferation®”*%, while EGFR can promote cell growth. We observed
the increased cell growth in PKC inhibitor-treated keratinocytes, and PMA reverses this
effect of PKC inhibitor. The reason for PKC-mediated inhibition of keratinocyte
proliferation might be partially related to the PKC-dependent promotion of keratinocyte
differentiation. PKCS has been reported to suppress keratinocyte proliferation by
increasing KLF4-mediated p21©® gene expression®’. Another isoform PKCn binds and
activates Fyn, a c-Src kinase, to cause keratinocyte growth arrest by decreasing DNA
synthesis in a Fyn-dependent pathway>°. Likewise, our data also support the inhibitory

effect of PKC activation on keratinocyte migration. There are currently no relevant
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reports on the regulatory mechanism of how PKC inhibits cell migration in
keratinocytes. However, in endothelial cells, activation of PKC6 negatively regulates
cell migration by binding to phospho-syndecan-4, blocking the binding of syndecan-4
to PKCa, thereby inhibiting the positive regulation of cell migration by PKCa“. In
addition, inhibition of endothelial cell migration by PMA results from the upregulation
of Thy-1 expression via activating the PKC8/Syk/NF-«B pathway*!.

As to differentiation marker expression, there are differences between the actions
of PMA and EGF. Many studies using selective PKC activator PMA as the standard in
vitro keratinocyte differentiation model indicate that PKC activation is required for
expressions of the differentiation markers at late stage including involucrin, loricrin,
filaggrin, keratin 10, and the terminal marker keratinocytes-specific TGase 13133,
However, EGF cannot upregulate keratin 10 and loricrin®2. Moreover, the
downregulation of EGFR by miR-146a promotes terminal differentiation of
keratinocytes*?. The effect of EGFR signaling indicating the incomplete differentiation
feature of keratinocytes contributes to the pathogenesis of psoriasis, i.e. overactivation
of keratinocytes but defect of terminal and complete differentiation of keratinocytes in
epidermis**#4, Another evidence to support the negative role of EGFR in terminal
differentiation is that during keratinocyte differentiation in the epidermis or in the
standard cell models using PMA, cell confluence, and calcium, EGFR expression and
activity are downregulated®3245, Aberrant and excess activation of EGFR leads to
overproliferation of keratinocytes, contributing to psoriasis, while EGFR inhibitors
switch keratinocytes from a proliferative to a differentiative phenotype, thus affecting
epidermal development and barrier function®®. All these findings suggest the need to
tightly balance the biological functions of PKC and EGFR in keratinocytes. In this
study, our data reveal a non-additive effect between ACE and PMA, but an additive

effect between ACE and EGF in the upregulation of differentiation markers, suggesting
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ACE can induce PKC activation independent of EGFR. This suggestion is confirmed
by the higher PKC phosphorylation caused by ACE than PMA. The major reason for
the action of ACE beyond EGFR remains elusive. Taking these findings together, we
suggest ACE can activate PKC and transactivate EGFR. The net outcomes of both
actions lead to increased keratinocyte growth, migration, and differentiation.

Not only in regulating cell growth, EGFR activation displays the antiapoptotic
response in keratinocytes after UVB irradiation, which requires the PI3K-AKT
signaling pathway activated by EGFR*". In this study, we did not observe a protective
effect of ACE on UVB-induced cell death in HaCaT cells (data not shown) even though
ACE can activate EGFR. One possible explanation is that although ACE can induce a
rapid activation of EGFR, this effect is short-acting. Of course, we cannot rule out other
action mechanisms of ACE that coordinately regulate cell viability together with EGFR.

Taken together, ACE can increase proliferation, differentiation, and migration of
HaCaT cells possibly through the activation of EGFR and PKC. The schematic diagram
of this study was shown in Fig. 8. Our data strengthen the therapeutic potential of ACE
in skin wound healing and possibly in psoriasis. Further animal study in psoriasis

disease model is interesting to explore in the future.

Materials and Methods

Cell culture, antibodies, reagents, and compounds

Human keratinocyte cell line HaCaT purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA) was cultured in DMEM (Gibco™, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS) and 10% penicillin-streptomycin solution. NHEK cell line purchased from
ScienCell Research Laboratories (Carlsbad, CA, USA) was cultured in Keratinocyte-

SFM basal medium (Gibco™) supplemented with bovine pituitary extract (50 pg/ml)
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and EGF (5 ng/ml). All the cells were incubated at 37 °C with 5% CO,. Primary
antibodies against involucrin, K10, TGase 1, PKCBIl, mTOR, and p-actin were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Primary antibodies
against p63a, phospho-EGFR Y1068, phospho-PKCBII S660, phospho-AKT T308,
AKT, phospho-mTOR S2448, and peroxidase-conjugated anti-rabbit/mouse IgG
secondary antibodies were purchased from Cell Signaling Technology, Inc (Danvers,
MA, USA). The primary antibody against EGFR was purchased from EMD Millipore
Corp. The primary antibody against loricrin was purchased from GeneTex (Irvine, CA,
USA). PMA and EGF were purchased from Sigma-Aldrich (St. Louis, MO, USA). PKC
inhibitor R0320432 was purchased from Tocris Bioscience (a brand of In Vitro
Technologies, Melbourne, VIC, Australia). Osimertinib and TH1020 were purchased
from MedChemExpress LLC (Monmouth Junction, NJ, USA). The ACE dehydrate was

prepared and provided by Dazzeon Biotech Co., Ltd. (New Taipei, Taiwan).

Isolation and purification of Aloe polysaccharides

The raw material used in this study was a 200X A. vera concentrate produced by
a proprietary processing method from mature leaves of A. barbadensis Miller. Aloe
polysaccharide 150 was made according to a modified protocol?”®, Briefly, A. vera
powder was dissolved in deionized H20, and the filtrate was then subjected to the
column containing activated nonpolar resin (HP-20 DIAION™, Mitsubishi Chemical
Co., Japan). We used an ethanol-H>O gradient (0-100%) to elute the column and
obtained three major fractions: 100% H-0O, 50% ethanol, and 100% ethanol at a rate of
1 I/min. The eluents obtained from the 50% ethanol fraction were freeze-dried and

subsequently subjected to 80% ethanol wash to obtain 150.

High-performance liquid chromatography (HPLC)
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The ACE contents in 150 were quantified using HPLC (Agilent 1260-Infinity I, Agilent
Technologies Inc., USA). A 2.5 mg/ml 150 solution was prepared using a mobile phase
composed of 0.5% sodium azide (NaN3) (Thermo Fisher Scientific) in H2O (wt/wt).
This solution was then subjected to a chromatographic column following shaking for 8
h and subsequently filtered through a 0.2 pum filter. The HPLC consists of an ultra-
hydrogel TM 1000 column (7.8x300 mm, Waters, Japan) and a Shodex KS-804 column
(8x300 mm, Shodex, Japan) with a refractive index (RI) detector, operating at a flow
rate of 1.0 ml/min at 50 °C. The ACE content of 150 was detected. The ACE standard

was used to create the calibration curve for quantifying ACE content.

High-performance size exclusion chromatography (HPSEC)

ACE content of 150 was analyzed using HPLC equipped with Ultra-hydrogel
TM 1000 column (7.8x300 mm, Waters, Japan) and Shodex KS-804 series SEC column,
(8%x300 mm, 1.0 ml/min at 50 °C, Japan) attached to a refractive index detector (RID).
Briefly, samples were dissolved with the mobile phase and filtered through a 0.45 pm
syringe filter. The mobile phase consisted of 0.5% NaNs in H2O (wt/wt.) at a flow rate
of 1 ml/min. Accurately weighed standard ACE (internal standard) and made it 3 mg/ml
standard stock solution with the mobile phase. Measured 300, 400, 500, 600, 700, and
800 pl, of the standard stock solution and diluted to 1 ml with the mobile phase.
Prepared a 2.5 mg/ml 150 solution with the mobile phase, adjusted the concentration if
necessary to meet the linear range, and performed HPLC analysis. For the 6 standard
linear solutions (STD 1-6), performed HPLC analysis in order from the lowest
concentration to the highest concentration, analyzing each solution 3 times. Using
concentration as the x-axis, the ratio of the average peak area/height of the sample to
the average peak area/height of ACE as the y-axis, performed linear regression to obtain

the best-fit linear equation y=ax+b and its coefficient of determination R?> 0.995. The
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ACE content of the aloe polysaccharide was calculated by using the formula,

Ru—ba)*V*D
ACE content (%) = [(H—M*m()%

Ru: ACE chromatographic peak area in the sample solution; b: the y-intercept of the
calibration curve; a: the slope of the calibration curve; V: constant volume of the sample
solution tested, in ml; D: dilution ratio (determined by sample concentration; W: Weight

of the solid sample, in mg.

Ultraviolet-visible (UV-Vis) spectroscopy

The O-acetyl group content of 150 was quantified using UV-Vis spectrometry (Epoch
2, Agilent Technologies Inc., USA). The sample solution was prepared at a
concentration of 10 mg/ml. Mix 1 ml of the sample solutions with 2 ml of 2 M
hydroxylamine hydrochloride solution (HONH.-HCI) which was added with 3.5 M
NaOH (Nippon Shinyaku Co., Ltd., Japan), and then incubate the mixture for 4 min at
room temperature. Added 1 ml of 4 M HCI (Honeywell International Inc, USA) and
0.37 M ferric chloride-hydrochloric acid solution (Sigma-Aldrich) into the mixture, and
measured the absorbance at 540 nm wavelength using UV-Vis spectrometry. The
standard curve to quantify the O-acetyl group was established utilizing the
acetylcholine chloride (C7H16CINO2, Sigma-Aldrich) solutions. A standard curve was
built up based on the 540 nm absorbance obtained at various concentrations of the
standards, and the level of O-acetyl groups (mg/kg) in the samples was calculated by

interpolating from the standard curve.

Monosaccharide composition analysis
The monosaccharide composition of 150 was analyzed by high-performance anion-

exchange chromatography-pulsed amperometric detection (HPAEC). Polysaccharide
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samples (5 mg) were hydrolyzed with 2 M TFA at 120 °C for 3 h. After hydrolysis, the
residual TFA was removed by blow drying with nitrogen gas. Then the hydrolysates
were completely dissolved in 5 ml of ultrapure water and centrifuged. The supernatant
was collected for ion-chromatography analysis. The mobile phases were 0.1 M NaOH
(mobile phase A) and 0.1 M NaOH plus 0.2 M NaAc (mobile phase B). The following
parameters were performed: the flow rate of 0.2 mg/ml, injection volume of 2 ul, and
column temperature of 30°C. Monosaccharide compositions were identified by

comparison with the retention times of the monosaccharide standards.

Nuclear magnetic resonance Spectroscopy (NMR)

The 'H-NMR, BC-NMR, and 2D HSQC experiments were recorded on an AVANCE
111 HD 600 MHz spectrometer (Bruker, MA, USA) which was equipped with a BBFO
probe. The freeze-dried powder of 150 was dissolved in 99.9% deuterium oxide (Sigma-
Aldrich), at 100 mg/ml and transferred to Wildman Economic 5 mm NMR tubes for
analysis. 2D HSQC experiments were carried out using the pulse programs supplied

with the Bruker manual.

MTT assay

The cells were seeded in 24-well plates in 500 ul DMEM at 37 °C with 5% CO2. When
the cell confluence reached 60%, the cells were treated with vehicle and different
concentrations of ACE for the indicated time. The 1 mg/ml MTT [3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich) solution was
added into the medium for 1 h to form crystals by mitochondrial dehydrogenases of
living cells. The medium was removed and replaced with 200 ul DMSO to dissolve the
purple crystal. The cell viability was determined by the OD value (ODssonm-ODég30nm)

of the DMSO solution containing the crystal product.
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Flow cytometry analysis

Cells were harvested and re-suspended in the staining buffer containing Annexin V-
FITC/PI according to the manufacturer’s protocol (BioLegend, San Diego, CA, USA),
After the 20-min incubation at 37 °C, the cells were measured by flow cytometry
(FACSCalibur, BD, Franklin Lakes, NJ, USA). FlowJo software was used for data

analysis.

Cell migration assay

Cells were seeded at 2 x 10* cells/well on 24-well plates with a 2-well silicone culture
insert in each well. After seeding overnight, the silicone culture insert was removed and
fresh DMEM containing 2 pg/ml mitomycin C was added. Cells were treated with
different concentrations of ACE, or other agents including PMA, R0320432, EGF, and
osimertinib. At the indicated time points, the cell migration was observed with a
microscope and recorded by taking photos. The percentage of gap recovery area was

analyzed and quantified using Image J software.

Cell proliferation assay

Cells (2 x 10%well) were seeded on 12-well plates in DMEM without FBS, and
incubated for 24 h in a CO- incubator. The next day, fresh DMEM with 10% FBS in the
absence or presence of ACE was added. The cell proliferation was determined by
counting the cell number every 24 h with trypan blue staining. For the BrdU
incorporation assay, cells (1 x 10%well) were seeded on a black 96-well plate with a
clear and flat bottom in DMEM without FBS, and incubated for 24 h. Remove the
medium and add fresh DMEM with 10% FBS in the presence or absence of ACE for

46 h. Add BrdU labeling solution for an additional 2 h incubation. Cells were fixed,
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incubated with anti-BrdU-peroxidase for 90 min, and washed before conducting
substrate reaction according to the manufacturer’s protocol (Cell proliferation ELISA,
BrdU, Roche, Switzerland). Chemiluminescence was measured using a Synergy H1

microplate reader (BioTeK, Winooski, VT, USA).

Western blot

Cells were lysed using RIPA buffer (50 mM Tris at pH 7.6, 150 mM NaCl, 0.1% SDS,
0.1% sodium deoxycholate, 1% Triton X-100, 2 mM NaF, 2 mM EDTA, 2 mM NazVOsa,
and 1 mM PMSF). After homogenization by a sonicator, the cell extract was diluted in
5X sample buffer (50 mM Tris at pH 6.8, 5% SDS, 37.5% glycerol, 36 mM -
mercaptoethanol, and 0.25% bromophenol blue), heated for 10-15 min at 95°C, and
then subjected to SDS-polyacrylamide gel electrophoresis (PAGE). The running
conditions of the PAGE are 70 V for 25 min at step 1, then 130 V for 85 min at step 2.
Proteins on the gel were transferred to a polyvinylidene difluoride membrane (PVDF,
GE Healthcare Life Sciences, USA) at 250 mA for 1 h, and then blocked for 30 min
with TBS-T (20 mM Tris-HCI pH 7.4, 150 mM NacCl, and 0.1% Tween 20) containing
5% skim milk. The membrane was rinsed three times consecutively with TBS-T buffer,
followed by incubation with 1:1000-2000 dilutions of primary antibodies in TBS-T
buffer for 4-8 h. The membrane was washed three times with TBS-T buffer for 15 min
and then incubated for 1 h with horseradish peroxidase-conjugated anti-goat 1gG
(1:10000) or anti-rabbit/mouse 1gG secondary antibody (1:10000) in TBS-T buffer.
Development was carried out using an enhanced chemiluminescence solution (Western
Lightning Plus-ECL, PerkinElmer, Inc. MA, USA). The protein signals were acquired
using a ChemiDoc™ MP Image System (Bio-Rad, CA, USA), and analyzed using

Image Lab software (Bio-Rad).
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Statistical analysis

Values were expressed as the mean = S.E.M. of at least three independent experiments.

Student’s t-test or one-way ANOVA was performed to analyze the statistical

significance of the differences, and a p-value < 0.05 was statistically significant.
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Table 1. Concentration and percentage of different monosaccharides observed by HPAEC-
PAD analysis in the TFA hydrolysed sample 150. Perfect co-elution with standards was
used for peak identification and standards of PAD response curves for quantification.

Monosaccharide Ara Gal Glc Man GlcA
M <10 14.6 55.3 549.4 <10
UM % of total <1 >2 >8 >87 <1
Peak area % of total | 2.1 3.7 11.0 82.9 0.3

Note: Arabinose (Ara), galactose (Gal), glucose (Glc), mannose (Man) and glucuronic acid (GlcA). 0.2 mg/ml
sample injections. The method quantification limit was 10 pM.

Figure legends

Figure 1. The analysis of functional groups in 150 by NMR. The 'H-NMR spectra (top
x-axis), the *C-NMR spectra (left y-axis), and the HSQC spectra of 150 are shown.
Peaks and spots representing different carbons, protons, and monosaccharides are
labeled. In the *H-NMR spectrum, the O-acetyl groups of 150 displayed a characteristic
signal in the range of 2.03 to 2.13 ppm, considered the fingerprint of A. vera. Three
signals correspond to methyl groups at 2.08, 2.10, and 2.13 ppm indicating that O-acetyl
groups are located at different positions. These results were further confirmed by the
13C-NMR spectrum which showed the presence of methyl carbon signals at 20.09,
20.30, and 20.57 ppm, as well as the presence of carboxyl carbons at 172.56, 173.38,

and 173.91 ppm.

Figure 2. The effects of ACE on cytotoxicity and proliferation of HaCaT cells. ACE
dehydrate was dissolved in sterilized water in a concentration of 50 mg/ml before use.
(A) Cells (5x10%) were seeded on a 24-well plate and incubated overnight at 37 °C with
5% CO., and different concentrations of ACE or vehicle agent were added followed by
incubation for 24 or 48 h. The MTT assay was conducted to determine the effect of
ACE on cell viability. (B) The cell viability was also determined by flow cytometry

with Annexin V-FITC/PI staining after the treatment with 5 mg/ml ACE for 48 h. (C)
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Cells were seeded on a 12-well plate and treated with different concentrations of ACE.
The live cells were counted by trypan blue staining every 24 hours. (D) Cells seeded
on a 96-well plate were starved for 24 h, then cultured with fresh DMEM containing
10% FBS and treated with indicated concentrations of ACE. Cells were collected after
48 h-incubation to determine BrdU signal intensity according to the manufacturer’s

protocol. * p<0.05 compared to vehicle-treated cells.

Figure 3. ACE accelerates HaCaT cell migration. (A) Cells were treated with
mitomycin C at the indicated concentrations in the absence (left panel) or presence
(right panel) of ACE (1 and 3 mg/ml, respectively). Cell number was counted every 24
hours by trypan blue staining. (B) Cells cultured in mitomycin C (2 pug/ml) containing
medium were treated with vehicle or ACE (1 and 3 mg/ml), and cell migration was
determined at the indicated time point under a microscope. The effect of ACE on cell
migration was evaluated using Image J software to quantify the gap recovery area as
shown (A, right panel). * p<0.05 compared to vehicle-treated cells at the same

migration time.

Figure 4. ACE induces the expressions of keratinocyte differentiation protein markers
as PMA. (A) The time-dependent effect of ACE on the expressions of involucrin,
loricrin, and p63a. (B) After treatment with ACE at indicated concentrations and PMA
(100 nM) for 36 h, the expressions of involucrin, loricrin, and TGase 1 were
determined. The relative protein expression level was normalized by B-actin, and the
phosphor-protein expression level was shown with the normalization by their
endogenous protein level. The line charts representing quantifications of protein

expression levels in each panel are shown in Figure S5.
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Figure 5. ACE activates EGFR, AKT, and PKC as PMA. (A) HaCaT cells were treated
with PMA (100 nM) or ACE (3 mg/ml) for indicated times to determine EGFR, AKT,
and PKC phosphorylations. (B) HaCaT cells were pretreated with TH1020 (2 uM) or
osimertinib (1 uM) for 30 min and followed by ACE treatment. The effects of TH1020
and osimertinib on ACE-induced phosphorylation of AKT and PKC were determined.
(C) NHEK cells were pretreated with osimertinib or DMSO (vehicle) for 30 min, then
treated with ACE (3 mg/ml) for 1 and 3 h. The relative protein expression level was
normalized by B-actin, and the phosphor-protein expression level was shown with the
normalization by their endogenous protein level. The line charts representing

quantifications of protein expression levels in each panel are shown in Figure S6.

Figure 6. ACE induces keratinocyte differentiation through activation of PKC and
EGFR. (A) Cells were treated with ACE (3 mg/ml), PMA (100 nM), and EGF (50 ng/ml)
for 6, 12, 18, and 24 h, respectively. (B) Alternatively, cells were treated with ACE,
PMA, and osimertinib for 24 and 36 hours. The expressions of differentiation markers
including involucrin, loricrin, and TGase 1 were determined. The relative protein
expression level was normalized by B-actin. The line charts representing quantifications

of protein expression levels in each panel are shown in Figure S7.

Figure 7. Effects of PKC and EGFR inhibitors on ACE-induced proliferation and
migration of HaCaT cells. (A) Cells were starved for 24 h and then cultured with fresh
DMEM containing 10% FBS and the indicated agents including PMA (100 nM), ACE
(3 mg/ml), Ro320432 (30 uM), and osimertinib (1 uM). The cell number was counted
every 24 h. * p<0.05 compared to vehicle-treated cells at the same migration time. #
p<0.05 compared to Ro320432-treated cells at the same migration time. (B) The effects

of PMA, R0320432, EGF, and osimertinib on ACE-induced migration of HaCaT cells.



758  The gap recovery area was quantified using Image J software (right panel). * p<0.05
759  compared to vehicle-treated cells at 0 h migration time. # p<0.05 compared to ACE-
760 treated cells.

761

762  Figure 8. A schematic representation showing the pharmacological properties of ACE

763  in HaCaT cells.
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1060 Figure S5. Line charts representing the changes in protein expressions in Figure 4.
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