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Abstract

Background: 10-formyltetrahydrofolate dehydrogenase (ALDHIL1) is a
major folate enzyme, which is usually underexpressed in malignant tumors
and competes with tumors for the same folate substrate. However, the specific
role and mechanisms of ALDH1L1 in oral squamous cell carcinoma (OSCC)
remainsobscure.

Methods: The expression level of ALDH1L1 in paired OSCC tissues and adjacent
noncancerous tissues were detected by quantitative realtime PCR, Western blot
and immunohistochemistry. The relationship between ALDH1L1 expression and
clinical characteristics was analyzed. Besides, CCK8, EdU staining, colony for-
mation, wound healing, transwell invasion, apoptosis, cell cycle assays and nude
mice tumor bearing experiments were employed to assess the role of ALDH1L1 in
OSCC. To explore the underlying mechanisms of these effects, cell cycle-related
markers were examined.

Results: In this study, we revealed that ALDHI1L1 expression was significantly
reduced in OSCC, and its downregulation was associated with the malignancy
of the tumor and poor prognosis of patients. In vivo and in vitro experiments,
downregulation of ALDH1L1 in OSCC significantly inhibited the occurrence of
NADP*-dependent catalytic reactions and facilitated tumor cell growth, migra-
tion, invasion, survival, cell cycle progression, and xenograft tumor growth. On
the contrary, re-expression of ALDH1L1 plays a similar role to anti-folate ther-
apy, promoting NADPH production and suppressing the progression of OSCC.
Furthermore, ALDH1L1 overexpressing obviously inhibited the expression of
PI3K, p-Akt, CDK2, CDKS6, Cyclin D1, Cyclin D3, and Rb in OSCC cells, and
promoted the expression of p27. LY294002 and 740 Y-P were used to confirm
the inhibitory effects of ALDH1L1 on OSCC progression through PI3K/Akt/Rb
pathway.
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1 | INTRODUCTION
Globally, head and neck cancers are very prevalent, have
a high mortality rate, with over 500,000 new morbidities
everyyear."”” About 95% of these cancers are oral squamous
cell carcinoma (OSCC), characterized by a high aggres-
siveness, repeated metastases as well as recurrence.’ The
5-year survival rate for OSCC patients is about 50%.* Folic
acid (FA) is an important coenzyme in many one-carbon
unit transfer biochemical reactions, and is involved in the
biosynthesis of several common amino acids, purine nu-
cleotides, and thymic acid. These key biological pathways
are essential for cell proliferation. Therefore, whether can-
cer patients can take FA supplements has been controver-
sial in recent years.” Abnormal FA metabolism is closely
related to dysregulation of various folate metabolic en-
zymes in tumor cells.® Therefore, understanding the role
and molecular mechanism of abnormal FA metabolism
enzymes in tumors is helpful to guide FA supplementa-
tion in OSCC patients and to provide potential prognostic
markers and therapeutic targets.
10-formyltetrahydrofolate dehydrogenase (ALDHI1L1;
also referred to as FDH), one of the most abun-
dant folate enzymes in the cytoplasm, transforms
10-formyl-tetrahydrofolate (THF) into THF and CO,
through a NADP*-mediated reaction, which involves the
removal of one-carbon groups in cells, thereby restrict-
ing their flux towards folate-associated biosynthetic pro-
cesses.” Among humans, the ALDH1L1 gene has 23 exons
that span about 77kb on the long arm of chromosome 3
(3921.2). The subsequent protein is a tetramer composed
of 902 aa identical subunits.® In addition, ALDH1L1 regu-
lates cell de novo purine biosynthesis,” degradation of for-
mate'® as well as methylation status.'* These pathways are
essential for cell proliferation as well as abnormal folate
metabolism, and are associated with cancer.'?

Conclusion: Our findings highlight the clinical value of ALDH1L1 as a prognos-
tic marker and the potential of a new target for anti-folate therapy.

ALDHI1L1, folic acid, oral squamous cell carcinoma, PI3K/Akt/Rb pathway, prognostic marker

Recently, a study used The Cancer Genome Atlas
(TCGA) data to evaluate gene expression profiles of 33
human cancer types. The results showed that compared
with normal tissues, expressions of the ALDHI1L1 gene
are suppressed in early cancer stages, and are strongly in-
hibited in late cancer stages.13 In addition, to high extent,
the ALDH1L1 gene is suppressed in high-grade malignant
tumors, when compared to low-grade tumors. The conse-
quences of up as well as downregulation of cell-specific
genes can be complicated, and may not be obvious."*
Compared with an alteration of gene expression, gene si-
lencing is a much rare event in cancer, and it may be ad-
vantageous for the proliferative phenotype. Re-expression
of ALDH1L1 in tumor cells has been shown to lead to
drastic anti-proliferative outcomes, such as cell cycle ar-
rest as well as apoptosis. Besides, intracellular accumula-
tion of ALDH1L1 is associated with activation of p53 as
well as its downstream target protein p21.>'>'® Based on
the existing researches, ALDHI1L1 is expected to be the
next target of anti-folate therapy. However, the expression
profile and function of ALDH1L1 are tumor-specific. So
far, the gene expression profiles, biological function, and
regulation mechanism of ALDHIL1 in OSCC have not
been established.

We found that the expression level of ALDHI1L1 was
significantly reduced in OSCC, and the downregulation
of ALDHI1L1 expression in tumor tissues was associated
with poor prognosis of patients. Furthermore, downreg-
ulation of ALDH1L1 in OSCC is conducive to limit the
occurrence of NADP*-dependent reactions to meet the
needs of rapid development of tumor. When ALDHI1L1
is overexpressed in OSCC as a therapeutic target, it deac-
tivates the PI3K/Akt/Rb pathway and inhibits the rapid
progression of OSCC. Therefore, ALDH1L1 may serve as
a potential prognostic marker for OSCC and a new thera-
peutic target for anti-folate therapy.

FIGURE 1 ALDHILI expression in OSCC tissues and cell lines. (A) qRT-PCR analysis of ALDH1L1 expression in 67 pairs of OSCC
and cancer-adjacent normal tissues (ANTS). (B, C) Representative data of ALDH1L1 protein expression in eight paired OSCC tissues and
ANTs were detected via western blot analysis. (D) IHC staining of ALDH1L1 in control (ANTs) and OSCC tissues. The negative control was
established by using PBS as a substitute for the primary antibody. Scale bar: 20 pm (top) and 50 pm (bottom). (E) The correlation between
ALDHI1L1 mRNA expression levels and clinical features in OSCC patients. (F) Kaplan-Meier survival analysis was performed to estimate
the relationship between ALDH1L1 protein expression in tumor tissues and the overall survival (OS) (p = 0.0002) and disease-free survival
(DFS) (p = 0.001) of OSCC patients. (G) ALDHI1L1 protein expression in TIGKS, HOK and OSCC cell lines, including SCC-4, CAL-27, SCC-
25, and SCC-9. Error bars show mean +SD. *p <0.05, **p < 0.01, ***p <0.001.
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2 | MATERIALS AND METHODS
2.1 | Tissue samples and
clinicopathological data

A cohort study was designed which included 67 patients who
were diagnosed as primary OSCC by histopathology and
admitted at Beijing Stomatology Hospital, Capital Medical
University from January 2010 to January 2015. All patients
had not received treatment before and had no history of
radiotherapy or chemotherapy. The baseline information
and clinical outcomes were collected and updated every
3 months. The tumor staging and grading were achieved
according to the AJCC and WHO guidelines. Lymphatic in-
vasion (LI) or vascular invasion (VI) was diagnosed if aggre-
gates tumor cells in endothelial-lined channels of lymphatic
or blood vessels were present. The follow-up was carried out
from the surgical date to the death or final follow-up date.
OSCC samples and those of adjacent normal tissues (ANTSs)
obtained after surgical resection were immediately divided
into two parts. One part was immediately frozen and kept
at —80°C for western blot and real-time quantitative reverse
transcription-PCR (qRT-PCR) analyses, while the other
part for immunohistochemistry (IHC) staining was fixed
with 4% paraformaldehyde and paraffin-embedded before
processing. All the above-mentioned information and sam-
ples were collected in accordance with the Declaration of
Helsinki. Approvals were obtained from every patient and
from the Research Ethics Committee of Beijing Stomatology
Hospital for research purposes.

2.2 | RNA extraction and qRT-PCR

Total RNA extraction was done by the TRIzol reagent
(CWhbiotech, China). RNA concentration and purity were
assessed followed by cDNA synthesis using the Prime
Script RT Reagent Kit (Takara, Japan). qRT-PCR was car-
ried out utilizing SYBR Green PCR kit (Qiagen, Germany).
Relative mRNA expressions were compared by the 2744
method after normalization to GAPDH expression. The
primers were designed and provided by Life Technologies
and the sequence is listed in Table S1.

2.3 | Protein extraction and
Western blotting

Extraction of total proteins was done using the Tissue
Protein Extraction Kit (CWbiotech, China). The lysates
and immunoblotting were performed as previously de-
scribed.'” The primary as well as secondary antibodies are
described in Table S2.

TABLE 1 Relationship between ALDH1L1 mRNA expression
and the clinicopathological characteristics of the 67 OSCC patients

Variables All cases ALDHI1L1 p-value
2-A/\CTb
No. % Mean +SD

Age® 0.7671
<61 31 46.3 0.96+0.30
261 36 53.7 0.81+0.39

Gender 0.2332
Male 39 582 1.13+0.41
Female 28 41.8 0.52+0.18

Clinical T stage 0.0009***
T1/T2 24 358 1.97+0.63
T3/T4 43 64.2 0.27+0.08

Pathological grade 0.0075**
I 17 254 2.01+0.87
11/11T 50 74.6 0.49+0.13

Lymph node metastasis 0.933
Absent 31 46.3 0.90+0.45
Present 36 53.7 0.86+0.26

Ki-67° 0.0108*
<60% 30 44.8 1.58+0.52
>60% 37 55.2 0.31+0.10

Lymphatic invasion 0.9667
Absent 62 92.5 0.88+2.08
Present 5 7.5 0.92+1.40

Vascular invasion 0.4969
Absent 64 95.5 0.92+2.08
Present 3 4.5 0.08+£0.07

Abbreviations: SD, standard deviation.
*p <0.05.; **p < 0.01.; ***p <0.001.
%61years is the median age of the subjects.

by=AACT indicates the difference in the cycle number at which a sample's

fluorescent signal passes a given threshold above baseline (Ct) derived from
a specific gene compared with that of GAPDH in tumor tissues.

Percentage of Ki-67 positive cells, 60% is the median value of the subjects.
2.4 | Immunohistochemistry

Tissue samples were fixed in paraformaldehyde (4%),
dehydrated, and soaked in paraffin. Paraffin-embedded
tissues collected above were employed for IHC. IHC stain-
ing and score of staining were performed as previously de-

scribed.'” The primary as well as secondary antibodies are
described in Table S2.

2.5 | Animal experiments

Approvals for animal experiments were obtained from
the Institutional Research Ethics Committee for animal
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TABLE 2 Relationship between ALDH1L1 protein expression
and clinicopathological characteristics of the 67 OSCC patients.

Variables All cases ALDHI1L1 p-value®
Low High

Age? 0.396
<61 31 14 17
261 36 20 16

Gender 0.918
Male 39 20 19
Female 28 14 14

Clinical T stage 0.0001***
T1/T2 24 1 23
T3/T4 43 33 10

Pathological grade 0.001**
I 17 2 15
1I/111 50 32 18

Lymph node metastasis 0.396
Absent 31 14 17
Present 36 20 16

Ki-67¢ 0.002**
<60% 30 9 21
>60% 37 25 12

Lymphatic invasion 0.673
Absent 62 32 30
Present 5 2 3

Vascular invasion 1.000
Absent 64 32 32
Present 3 2 1

**p<0.01.; ***p <0.001.
61years is the median age of the subjects.
PChi-square test or Fisher' s exact test.

“Percentage of Ki-67 positive cells, 60% is the median value of the subjects.

TABLE 3 Univariate and multivariate
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of the Stomatology Hospital of Capital Medical University.
Experimental procedures were in accordance with the na-
tional guidelines for the care and use of laboratory animals.
Female BALB/c nude mice (4weeks old) were obtained
from the Beijing HFK Bioscience (China) and randomly
divided into each group. For tumor growth analysis, the
pooled cultures of sub-cell lines infected with lentiviruses
and selected with puromycin (i.e., CAL-27-sh-NC, CAL-
27-sh-ALDH1L1, SCC-25-LV-Ctrl, SCC-25-LV-ALDH1L1)
were subcutaneously transplanted into mice left or right
flanks (1x10° CAL-27 or 2.5x 10° SCC-25 cells per mouse).
After tumor formation, their lengths (L) and widths (W)
were determined using digital Vernier calipers, every
3days. Then, tumor volumes were determined by: Tumor
volume = W* x L/2. A month after tumor formation, mice
were anestheticized and killed. The primary tumors were
resected, fixed, and embedded in paraffin for IHC analyses.

2.6 | Cell culture and reagents

TIGKs, SCC-4, CAL-27, SCC-25, and SCC-9 cells were
procured from the American Type Culture Collection
(ATCC). HOK cells were obtained from Shanxi Medical
University School and Hospital of Stomatology. TIGKs
cells were cultured in Dermal Cell Basal Medium (PCS-
200-030, ATCC) supplemented with Keratinocyte Growth
Kit (PCS-200-040, ATCC). CAL-27 cells were appropri-
ately cultured in DMEM (SH30243.01, Hyclone) with
10% FBS as well as 0.5% penicillin/streptavidin. SCC-4,
SCC-25, and SCC-9 cells were seeded in DMEM/F-12 me-
dium (11330032, Gibco) with 10% FBS, 0.5% penicillin-
streptavidin mixture and 400 ng/mL hydrocortisone. HOK
cells were seeded in Keratinocyte SFM medium (10744019,
Thermo Fisher Scientific). Cells were kept in a humidified

Characteristics Subset Hazard ratio (95% CI) p-value
analyses on survival in OSCC patients Univariate analysis
Gender Female/Male 1.745 (0.670-4.544) 0.254
Age Age<61/Age>61 0.835 (0.348-2.007) 0.687
Clinical T stage T1, T2/T3,T4 6.194 (1.436-26.718) 0.014*
Pathological grade /11, TIT 3.613(0.838-15.578) 0.085
Lymph node metastasis Absent/present 4.505 (1.502-13.514) 0.007**
Ki-67 <60%/>61% 73.124 (1.973-2709.592)  0.02*
ALDHI1L1 Low/High 0.196 (0.065-0.586) 0.004**
Lymphatic invasion Absent/present 2.813(0.824-9.607) 0.099
Vascular invasion Absent/present 2.603(0.603-11.230) 0.200
Multivariate
Ki-67 <60%/>61% 73.124 (1.973-2709.592)  0.02*

*p<0.05.; **p<0.01.
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FIGURE 2 Downregulation of ALDH1LI facilitates the growth, proliferation, and colony-forming ability of OSCC cells. (A, B) Western
blot analysis of ALDH1L1 overexpression and downregulation of lentivirus transfected SCC-4, SCC-25, and CAL-27, SCC-9 compared with
the control lentivirus. (C, D) Overexpression of ALDH1L1 suppressed SCC-4 and SCC-25 cell growth and clonogenic ability in vitro by using
CCKS8 and clonogenic assays. (E, F) ALDH1L1 knockdown enhanced CAL-27 and SCC-9 cell growth and colonogenic ability in vitro. (G,

H) OSCC cells were subjected to EdU staining. Typical images of EdU-stained proliferating cell nuclei (red) and Hoechst-stained cell nuclei
(blue) and merged images are shown. Hydroxyurea is a DNA synthesis inhibitor (10mM, 0.5h). (I) ALDH1L1 downregulation remarkably
reduced the proportion of NADPH/NADP+, whereas ALDH1L1 overexpression increased the proportion of NADPH/NADP+ in OSCC cells.
Data were confirmed in duplicate trials. Error bars show mean + SD. *p <0.05, **p <0.01, ***p < 0.001.

incubator at 37°C with 5% CO,. LY294002 (PI3K inhibi-
tor) and 740 Y-P (PI3K activator) were ordered from MCE
(Shanghai, China).

2.7 | Plasmids and lentiviruses

Knockdown lentivirus expressing negative control sShRNA
(sh-NC) and shRNA targeting ALDH1L1 (sh-ALDH1L1)
were constructed using the pGC-FU-3FLAG-SV40-EGFP-
IRES-puromycin vector followed by packaging in 293T
cells (puromycin resistance). The overexpression lentivi-
rus expressing ALDH1L1 (LV-ALDH1L1) and control len-
tivirus vectors (LV-Ctrl) were established and packaged
by GeneChem (Shanghai, China; puromycin resistance).
Tables S3 and S4 show their sequences. For lentivirus in-
fection, different OSCC cell lines were transfected with
lentiviral vectors (an MOI of about 10) using polybrene
(6 pg/mL) for 16 h. At 48 h post-infection, 2.5 pg/mL puro-
mycin (Invitrogen, USA) was used for stable cell pool se-
lecting. Stable overexpression and knockdown cell lines
were established as described previously.'®

2.8 | Evaluation of cell growth,
proliferation, and survival

Cell growth was assessed by the Cell counting kit-8
(CCK8) assay. The assay was performed according to the
manufacturer's instructions.'’ Labelling of proliferat-
ing cells was done by 5-ethynyl-2’-deoxyuridine (EdU)
staining, as previously reported.”” Anchorage-dependent
growth abilities (cell survival) were evaluated by the col-
ony formation assay. In brief, cell seeding was done in 6-
well plates at 5000 cells/per well. After 10days, cells were
subjected to formaldehyde fixation, crystal violet staining,
photographing, and counting.

2.9 | Cellular migration as well as
invasion assays

The wound healing assay was performed to assess mi-
gration abilities as previously described.'” The BioCoat

Matrigel invasion chambers (BD Biosciences) were used
for the invasion assays. In brief, suspension of 1 x 10° cells
in serum-free medium was placed in the top chamber.
Then, 10% FBS-supplemented medium was added to the
lower chamber, followed by 24 or 48 h of incubation. Cells
that had migrated to the lower membrane surface were
stained, imaged, and enumerated in six random fields in
each group by microscopy. DMSO (vehicle), LY294002,
or 740 Y-P were added to the top as well as bottom of
transwell chambers. Experiments were conducted in
triplicates.

2.10 | Cell apoptosis assay

OSCC cell line abundances in early as well as late apop-
tosis were assessed by AnnexinV-7- Amino-Actinomycin
(7-AAD)/Phycoerythrin (PE) staining (BD Biosciences,
USA) according to the instructions of the manufacturer.
Definition of early and late apoptosis was done by 7-
AAD™7/PE* and 7-AAD*/PE" staining.

211 | Cell cycle analysis

Harvested cells were washed and fixed in cold ethanol
(70%) for 2 h at —20°C. Then, cells were washed twice
using PBS and once in a BD Pharmingen staining buffer
(BD Biosciences, 554,656). Resuspension of cell pellets
was done in BD Pharmingen PI/RNase staining buffer
(0.5 ml; BD Biosciences, 550,825) followed by 15min of
incubation at room temperature (RT). Detection of red
fluorescence was done at an excitation wavelength of
488 nm, after which the abundance of cells at GO/G1, S,
as well as G2/M phases were determined by the ModFit
software.

2.12 | NADPH/NADP" ratio detection
The NADPH/NADP" ratio was determined by using
NADP*/NADPH.

Assay Kit with WST-8 (S0179, Beyotime), as previously
reported.*’
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FIGURE 3 Downregulation of ALDH1L1 promoted cell migration, invasion, cell cycle arrest, and suppressed cell apoptosis in vitro.
(A, C) Upregulation of ALDH1L1 inhibited SCC-4 and SCC-25 cells’ invasion and migration. Scale bar: 200 pm. (B, D) Downregulation of
ALDHI1L1 enhanced CAL-27 and SCC-9 cell invasion and migration. Scale bar: 200 pm. (E) The cell apoptosis distribution after transfection
was detected by flow cytometry. (F) Representative plots of the cell cycle phases are shown for the SCC-25 and CAL-27 cells. The
representative images were from at least three independent experiments. *p <0.05, ***p <0.001.

2.13 | Statistical analysis

Data are expressed as mean+SD for at least n = 3.
Statistical analyses were done by SPSS V19.0 software.
Comparisons of means between and among groups
were done by t-test and one-way ANOVA, respectively.
Student's t-test, X2 test, and Fisher's exact test were used
to compare correlations between ALDHI1L1 expression
levels and clinic-pathologic characteristics. Survival as-
sessments were done by the Kaplan-Meier method, while
comparisons of curves were done by the log-rank test. The
Cox proportional hazards model was used to investigate
the prognostic factors by univariate analysis while the ef-
fects of confounding factors were adjusted for multivari-
ate analysis. p < 0.05 was considered significant.

3 | RESULTS

3.1 | ALDHIL1 is decreased in OSCC
patients and cell lines, and its lower
expression predicts worse prognosis

To understand the involvement of ALDHI1L1 in OSCC,
we detected ALDH1L1 mRNA and protein expression
of 67 paired OSCC and ANTs by qRT-PCR assay and
Western blot analysis. mRNA levels of ALDH1L1 were
markedly suppressed in OSCC tissues, compared to
ANTs (p = 0.0021; Figure 1A). In addition, expressions
of ALDH1L1 protein were in accordance with mRNA
findings (Figure 1B, C). Moreover, IHC staining revealed
that ALDH1L1 was localized in the cytoplasm, and was
decreased or even silenced in all the OSCC tissues, while
most ANTs showed strong positive. The representative ex-
amples of staining are shown in Figure 1D.

Then, we analyzed whether the low expression of
ALDHI1L1 is associated with clinic-pathological pa-
rameters of OSCC patients. The relationship between
ALDHI1L1 mRNA and various clinicopathological fea-
tures is shown in Figure 1E, and Table 1. According to
the results, suppressed ALDHI1L1 levels were clearly
correlated with clinical T3/T4 stages (p = 0.0009), ad-
vanced pathological grade (p = 0.008) and high positive
rate of Ki-67 (p = 0.0108). Similarly, associations be-
tween ALDH1L1 protein levels and clinic-pathological
characteristics of OSCC were assessed (Table 2). In
high- and low-ALDHI1L1 expression groups, clinical

T stage (p = 0.0001), pathological grade (p = 0.0001),
and Ki-67 status (p = 0.002) were markedly differ-
ent. Kaplan-Meier analysis showed that, compared to
high expressions, low ALDHI1L1 expression was asso-
ciated with markedly decreased overall survival (OS)
(p = 0.0002) and disease-free survival (DFS) outcomes
(p = 0.001) (Figure 1F). The OS and DFS rates were
55% and 40% for the low-ALDH1L1 group, respectively,
compared with 90% and 80% for the high-ALDHIL1
group. Univariate analysis showed that clinical lymph
node metastasis, T stage, Ki-67, and ALDH1L1 were
correlated with OS in patients with OSCC (Table 3).
In addition, in multivariate analysis, only Ki-67 index
was significant independent predictor of OS in OSCC
patients (Table 3).

Subsequently, we tested four human OSCC cell lines
(SCC-25, CAL-27, SCC-4, SCC-9) for ALDHI1L1 expres-
sion. Human OSCC cell lines were found to have sig-
nificantly lower ALDH1L1 protein levels, relative to the
human immortal gingival epithelial cell line TIGKs and
human oral mucosa keratinocyte HOK, respectively
(Figure 1G). In addition, CAL-27 and SCC-9 exhibited el-
evated ALDH1L1 levels compared to SCC-4 and SCC-25.

3.2 | Downregulation of ALDHIL1
promoted cell growth and reduced the
proportion of NADPH/NADP" in vitro

Prompted by the above findings, we examined the
function of ALDH1L1 in OSCC. We stably knockdown
ALDHI1L1 in CAL-27 and SCC-9 cells. Lentiviral infec-
tion was used to overexpress ALDH1L1 in SCC-4 and
SCC-25 cells. These experiments were verified by west-
ern blot (Figure 2A, B). The ALDH1L1 overexpression
efficiency in LV-ALDH1L1 SCC-4 and SCC-25 cells were
6.39 and 2.23-fold, and the ALDHI1L1 knockdown effi-
ciency in sh-ALDH1L1 CAL-27 and SCC-9 cells were
91.3% and 51%. According to the results of CCK8, EdU,
and clone formation assays, we found that downregula-
tion of target gene in the relatively high expression of
ALDH1L1 cell lines CAL-27 and SCC-9 significantly en-
hanced cell growth, proliferation as well as clonogenic
abilities (Figure 2E, F, H, and Figure S1A). However,
upregulation of ALDHI1L1 in SCC-4 and SCC-25 cell
lines with relatively low ALDH1L1 expression obviously
inhibited cell growth, proliferation as well as colony
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FIGURE 4 Downregulation of ALDH1L1 accelerates tumorigenesis in xenograft models. (A-D) SCC-25-LV-ALDH1L1, CAL-27-sh-
ALDHI1L1, or their controls were injected subcutaneously into the back of BALB/c-nu mice to compare the tumorigenic ability. These
graphs show the tumor xenografts 1 month after ectopic-subcutaneous implantation in nude mice. The tumor weight was observed.

(E, F) The tumor volume was observed every 3 days after tumor formation. (G, H) The body weight of mice was observed every 3 days after
tumor formation in four groups. (I) IHC staining of ALDH1L1, Ki-67, and CD31 in the tumor samples of SCC-25-LV-ALDH1L1, CAL-27-sh-
ALDH1L1, and their control groups. Scale bar: 100 pm. Error bars show mean +SD. *p <0.05, **p <0.01, ***p < 0.001.

formation (Figure 2C, D, G, and Figure S1B). In addi-
tion, downregulation of ALDH1L1 in OSCC cells could
also inhibit NADP*-dependent responses and reduce
the production of NADPH. On the contrary, upregula-
tion of ALDH1L1 promoted the NADPH/NADP" ratio
in SCC-4 and SCC-25 cells (Figure 2I). In summary,
ALDHI1L1 expression alters OSCC cell growth, prolif-
eration, cloning as well as NADP*-dependent biological
responses.

3.3 | ALDHILI re-expression suppresses
cell migration, invasion, and promotes cell
cycle arrest in vitro

We evaluated the effects of ALDH1L1 on OSCC cell mi-
gration, invasion as well as apoptosis. Downregulation
of ALDHI1LI1 significantly accelerated cell migration and
invasion as revealed by scratch-wound (Figure 3D and
Figure S2B) and transwell assays (Figure 3B), respectively.
On the contrary, upregulation of ALDHI1L1 significantly
suppressed the migration (Figure 3C and Figure S2A) and
invasion (Figure 3A) ability of SCC-4 as well as SCC-25
cells. Furthermore, annexinV-7-AAD/PE double staining
assay of sh-ALDH1L1-infected OSCC cells markedly re-
duced the number of early- and late-apoptotic cells, while
that in LV-ALDH1L1 SCC-4 and SCC-25 cells were sig-
nificantly increased, confirming the apoptotic effects of
ALDHI1L1 on OSCC cells (Figure 3 E and Figure S2C).
We also observed changes in cell cycle following
ALDHIL1 down or upregulation in OSCC cells. Flow
Cytometry showed that knockdown of ALDH1L1 in CAL-
27 cells led to promotion of cell cycle progression with
more cells in the S phases (Figure 3F and Figure S2D).
In contrast, overexpression of ALDH1L1 in SCC-25 cells
led to arrests of the cell cycle in the GO/G1 and G2/M
phases, which were accompanied by less cells in the S
phase (Figure 3F and Figure S2D). hese results imply that
ALDH1L1 is a potential suppressor of OSCC progression.

3.4 | ALDH1L1 knockdown facilitates
tumorigenesis in a xenograft model

For in vivo experiments, OSCC stable sub-cell lines
(CAL-27-sh-NC, CAL-27-sh-ALDH1L1, SCC-25-LV-Ctrl,

SCC-25-LV-ALDH1L1) were injected in nude mice.
Xenografts of sh-ALDH1L1 groups exhibited low levels
of ALDH1L1, while those of the LV-ALDH1L1 groups ex-
pressed high levels of ALDH1L1, relative to the control
groups (Figure 4I and Figure S3A). Our results showed
that tumor volumes as well as weights and tumor cell
proliferation (as assessed by Ki-67 index) were increased
in the mice injected with ALDH1L1-knockdown CAL-27
cells compared with the control group (Figure 4C, D, F,
and I, Figure S3B). Conversely, ALDH1L1-overexpressing
SCC-25 cells resulted in formation of significantly small
tumor volumes, weights, and suppressed tumor cell pro-
liferation, relative to control group (Figure 4A, B, E, and I,
Figure S3B). There were no marked differences in weight
changes for mice in experimental and control groups
(Figure 4G, H). Based on detection of CD31" vascular
structures, vessel densities were also verified to be sig-
nificantly increased in ALDH1L1-knockdown tumors and
decreased in ALDH1L1-overexpressing tumors, relative to
control groups (Figure 4I and Figure S3C). These in vitro
and in vivo results suggested that the downregulation of
ALDHIL1 in OSCC is conducive to the demand for rapid
growth of tumor cells, and the upregulation of ALDH1L1
as a target can significantly inhibit tumor development.

3.5 | Upregulation of ALDH1L1
deactivates PI3K/Akt/Rb signaling
pathway that regulates G1/S progression
in OSCC

ALDHI1L1 protein levels are correlated with various regu-
latory proteins, such as p53, p21, JNK, and Bid in different
tumor types, implying that it affects cell proliferation as
well as survival through the associated signal pathways.'®
Thus, we evaluated the activations of p53, p-p53, p21,
INK, p-JNK, and Bid in both ALDH1L1-knockdown and
-overexpressing OSCC cells. However, knocked down or
overexpressed ALDH1L1 had no significant effect on p21,
Bid, and the phosphorylation of p53 and JNK (Figure 5A-
C, Figure S4A, B). According to the results of cell cycle as-
says and previous studies,'® the regulation of ALDH1L1 is
associated with progression of the cell cycle, and the clas-
sic PI3K/Akt/Rb pathway plays a vital role in cell cycle
progressions.”’ Therefore, we simultaneously detected
key regulatory proteins of this pathway in four groups
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FIGURE 5 Upregulation of ALDH1L1 inhibited the activation of PI3K/Akt/Rb signaling pathway in OSCC cells. (A, B) The mRNA
expression levels of INK, p53, p21, and Bid in SCC-25-LV-ALDH1L1, CAL-27-sh-ALDH1L1, and their corresponding control cells were
examined by qRT-PCR analysis. (C) The expression levels of p53, p-p53, p21, JNK, p-JNK, and Bid protein in SCC-25-LV-ALDH1L1,
CAL-27-sh-ALDH1L1, and their control cells were examined by western blot analysis. (D) Western blot was used to detect the expression
changes of key regulatory proteins of PI3K/Akt/Rb pathway in the four groups of cells SCC-25-LV-Ctrl, SCC-25-LV-ALDH1L1, CAL-27-sh-
NC, and CAL-27-sh-ALDH1L1. (E) Representative images of IHC staining for PI3K in ALDH1L1 expression low or high groups. Scale bar:
50 um (top) and 100 pm (bottom). (F) Results of IHC staining were evaluated by the staining scores. Error bars show mean + SD. *p <0.05,

1 < 0.01, ***p < 0.001.

of cells (CAL-27-sh-NC, CAL-27-sh-ALDH1L1, SCC-25-
LV-Ctrl, SCC-25-LV-ALDH1L1). The results showed that
PI3K, p-Akt, CDK2, CDKS®, Cyclin D1, Cyclin D3, and Rb
were significantly increased in ALDHI1L1-knockdown
cells, and p27 was significantly decreased. In contrast,
ALDH1L1 overexpressing obviously inhibited the expres-
sion of PI3K, p-Akt, CDK2, CDK®6, Cyclin D1, Cyclin D3,
and Rb in OSCC cells, and promoted the expression of p27
(Figure 5D, Figure S4C-F).

Subsequently, we used IHC to detect PI3K expres-
sions in OSCC tissues, to verify its correlation with
ALDHI1L1. Consistent with in vitro results, ALDH1L1
expression was inversely correlated with PI3K protein ex-
pression in 40 clinical OSCC tissues. The low expression
of ALDH1L1 was markedly correlated with high expres-
sion levels of PI3K protein (Figure 5E, F). Kaplan-Meier
analysis showed that, the ALDH1L1 high expression/
PI3K low expression combination had a significantly bet-
ter OS (ALDH1L1M8"/PI3KY vs. ALDH1L1'V/PI3K!*"
p=0.041, ALDH1L1"&"/PI3K'*" vs. ALDH1L1°"/PI3K "
p = 0.001, ALDHI1L1"#"/PI3K"¥ vs. ALDH1L1"g"/
PI3K"e" p = 0.005), and DFS (ALDH1L1""/PI3K"" vs.
ALDH1L1%/PI3K" p = 0.038, ALDH1L1"&"/PI3K'*" vs.
ALDH1L1"/PI3K"€" p = 0.001, ALDH1L1"¢"/pI3K!*™
vs. ALDH1L1M&"/PI3K"&" p = 0.002) than the other three
groups. Furthermore, patients with low ALDH1L1 expres-
sion/low PI3K expression or high ALDH1L1 expression/
high PI3K expression had a better OS and DFS than those
with low ALDHI1L1 expression/high PI3K expression,
although the difference was not statistically significant
(Figure S5A, B).

3.6 | 740Y-P reversed the inhibitory
effect of ALDH1L1 on OSCC

In order to confirm whether the anti-proliferation effects of
ALDH1L1 in OSCC cells are through the PI3K/Akt/Rb path-
way, we added PI3K inhibitor LY294002 (10 M, 1h) to CAL-
27-sh-ALDH1L1 cells and PI3K activator 740 Y-P (25pg/
mL, 2h) to SCC-25-LV-ALDHILI cells (Figure 6A, B). As
shown in Figure 6C, D, LY294002 significantly reduced the
growth and proliferation of ALDH1L1-knockdown CAL-27
cells, relative to control groups. Contrasting findings were

established in ALDH1L1-overexpression SCC-25 cells with
740 Y-P. In addition, the clonogenic ability and invasion
of ALDH1L1-knockdown CAL-27 cells were significantly
suppressed by LY294002. In contrast, 740 Y-P significantly
enhanced the clonogenic ability and invasion of ALDH1L1-
overexpression SCC-25 cells (Figure 6E, F). Therefore, in-
activation of PI3K/Akt/Rb signaling plays a vital role in
facilitating ALDH1L1-mediated suppression of OSCC cell
progression (Figure S6).

4 | DISCUSSION

The best illustration of ALDH1L1 regulation is its silence
in malignant tumors."”® The expression of ALDH1L1 at
both mRNA and protein levels is usually absent in ma-
lignant tumors.” Consistent with this finding, while im-
mortalized non-cancer cells express ALDH1L1, its protein
levels were found to be undetectable in various cancer cell
lines.”* We found that expression levels of ALDH1L1
in OSCC tissues as well as cell lines were markedly sup-
pressed when compared with those of ANTs and normal
oral epithelial cells. The low levels could be a marker
for aggressive tumor phenotypes. Therefore, suppressed
ALDHI1L1 expression is correlated with poor prognosis in
hepatocellular carcinoma, sporadic pilocytic astrocytoma,
and neuroblastoma.?* %> Here, we provided evidence that
low ALDHI1L1 expression in OSCC is associated with
more malignant tumor phenotypes and poor survival.
These findings suggested the potential value of ALDH1L1
as a prognostic biomarker for OSCC patients.

Different from other folate-metabolizing enzymes,
ALDHIL1 belongs to the aldehyde dehydrogenases fam-
ily.*® In humans, this family has 19 genes that play roles
in conversion of various aldehyde substrates into their
equivalent acids.”” Each subunit of ALDH1L1 has three
domains with different structures and functions. The
amino-terminal folate-binding hydrolase domain resem-
bles methionine-tRNA formyltransferase and plays a
major role, while the carboxyl-terminal core domain is
a structural and functional homolog of aldehyde dehy-
drogenases.zg_30 The intermediate domain is a functional
and structural homolog of the acyl carrier protein, while
the two catalytic domains can communicate through the
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FIGURE 6 740 Y-P rescued the inhibitory effects of ALDH1L1 on OSCC growth, proliferation, cloning, and invasion (A, B) Western blot
analysis of PI3K protein expression in CAL-27-sh-ALDH1L1 cells added PI3K inhibitor LY294002 and SCC-25-LV-ALDH1L1 cells added
PI3K activator 740 Y-P. (C-F) Cell growth, proliferation, colony formation, and invasion abilities were determined by CCK8, EdU, colony
formation, and transwell assays in CAL-27-sh-ALDH1L1 cells added LY294002 and SCC-25-LV-ALDHI1L1 cells added 740 Y-P. Scale bar:
200 um. These data represent at least three independent experiments. Error bars show mean +SD. *p <0.05, **p <0.01, ***p < 0.001.

intermediate domain.>' Thus, ALDH1L1 is not a typical
aldehyde dehydrogenase capable of oxidizing short-chain
aldehydes to their equivalent acids in vitro. However, it re-
mains unknown whether this enzyme is a catalyst for vari-
ous aldehyde dehydrogenase reactions.**In fact, ALDH1L1
participates in a variety of biological pathways related to
cellular proliferation in tumor cells. This enzyme com-
petes with the same substrate, 10-formyltetrahydrofolic
acid, in the de novo purine synthesis reaction required for
rapid tumor cell proliferation.* In this regard, ALDHIL1
acts similar to anti-FA drug against cancer progression.
Natalia V reported that transient expression of ALDH1L1
suppresses cancer cell proliferation, resulting in cell
death.’ Furthermore, ALDHI1L1-expressing A549 cells
exhibited cell accumulation in the GO-G1 phase and a de-
crease in cell numbers in the S phase.'® In our research, we
confirmed that ALDH1L1 knockdown limits the occur-
rence of NADP"-dependent 10-formyltetrahydrofolic acid
metabolic reactions and promotes rapid progression of
OSCC cells both in vitro and in vivo. However, ALDH1L1
overexpression had the opposite results. The above data
indicated that ALDH1L1 as the target of anti-FA therapy
could effectively inhibit OSCC growth. In addition, OSCC
patients with low ALDH1L1 expression prudently take FA
supplements in excess of the recommended dose during
their illness. Of course, various of in vivo and clinical tri-
als are needed to support this hypothesis.

Previously studies have shown that the effects of
ALDHI1LI on cancer cell biological behavior mainly based
on activation of JNK/p53, c-Jun/Bid or p53/p21 path-
ways, but this is tumor type specific. Oleinik revealed that
ALDHIL1 induces JNK1-mediated phosphorylation of
JNK2, and then p53 is directly phosphorylated by JNK2
at Ser6 in non-small cell lung carcinoma.** In addition,
ALDHI1L1 expression initiated the phosphorylation of INK
target c-Jun and pro-apoptotic protein, Bid, in p53-deficient
prostate cancer cell line, PC-3.%° We used stable ALDH1L1-
overexpressing and -knockdown cell lines to investigate
the key regulatory proteins of these classic pathways, it
was found that the tumor suppressor effect of ALDH1L1
in OSCC may be through other pathways. In previous cell
phenotypic experiments, we show that ALDH1L1 can pro-
mote the arrest of tumor cells in GO/G1 and G2/M phases.
Therefore, we tested the classical signaling related to the G0/
G1 and G2/M phases, and found that ALDH1L1 inhibits the
activation of the PI3K/Akt/Rb pathway. By adding PI3K ag-
onist and inhibitor, we confirmed that ALDHI1LI1-induced

inhibition of OSCC cell proliferative properties is through
the deactivation of PI3K/Akt/Rb signaling.

Although there are still some deficiencies in this study,
for example, we still do not know the reasons of ALDH1L1
downregulation in OSCC and the specific molecular mech-
anism of ALDH1L1 regulation of PI3K pathway, these prob-
lems will be the main direction to be solved in our follow-up
study. In summary, our data provide important insights into
the role and underlying mechanisms of ALDH1L1 abnor-
mal regulation in OSCC. We demonstrated that ALDH1L1
suppresses tumor proliferation, survival, cell cycle progres-
sion, and invasion via inhibiting PI3K/Akt/Rb signaling
pathway. In addition, ALDHI1L1 expression was inversely
correlated with clinical T stage, pathological grade, and Ki-
67 index, and positively correlated with better survival in
OSCC tissues. Combining the results of these studies, we
propose that ALDH1L1 can be used as a prognostic marker
and an important target for anti-FA therapy in OSCC.
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