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ABSTRACT

Hepatocyte growth factor activator inhibitor (HAI)-1/SPINT1 and HAI-2/SPINT2 
are membrane-anchored protease inhibitors having homologous Kunitz-type inhibitor 
domains. They regulate membrane-anchored serine proteases, such as matriptase and 
prostasin. Whereas HAI-1 suppresses the neoplastic progression of keratinocytes to 
invasive squamous cell carcinoma (SCC) through matriptase inhibition, the role of 
HAI-2 in keratinocytes is poorly understood. In vitro homozygous knockout of the 
SPINT2 gene suppressed the proliferation of two oral SCC (OSCC) lines (SAS and 
HSC3) but not the growth of a non-tumorigenic keratinocyte line (HaCaT). Reversion 
of HAI-2 abrogated the growth suppression. Matrigel invasion of both OSCC lines was 
also suppressed by the loss of HAI-2. The levels of prostasin protein were markedly 
increased in HAI-2-deficient cells, and knockdown of prostasin alleviated the HAI-2 
loss-induced suppression of OSCC cell invasion. Therefore, HAI-2 has a pro-invasive 
role in OSCC cells through suppression of prostasin. In surgically resected OSCC 
tissues, HAI-2 immunoreactivity increased along with neoplastic progression, showing 
intense immunoreactivities in invasive OSCC cells. In summary, HAI-2 is required for 
invasive growth of OSCC cells and may contribute to OSCC progression.

INTRODUCTION

Hepatocyte growth factor activator inhibitor (HAI) 
is a type I transmembrane serine protease inhibitor. 
Thus far, two types of HAI have been identified: HAI-
1 (encoded by the SPINT1 gene) and HAI-2 (SPINT2), 
both of which have two extracellular Kunitz-type serine 
protease inhibitor domains, a transmembrane domain and 
a C-terminal short intracytoplasmic domain [1]. Whereas 
HAIs were initially identified as endogenous inhibitors 

of serum hepatocyte growth factor (HGF) activator, 
membrane-anchored serine proteases, such as a type II 
transmembrane serine protease (TTSP), matriptase and 
a glycosylphosphatidylinositol (GPI)-anchored protease, 
prostasin are primary targets of HAIs on the cell surface 
[2–4]. Therefore, HAIs likely have crucial roles in the 
regulation of pericellular activation of growth factors 
such as HGF and signaling mediated by protease-activated 
receptor 2 [2, 3]. It also appears that epithelial sodium 
channel activity is also regulated by HAIs, as prostasin 
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and some TTSPs are involved in the activation of the 
epithelial sodium channel [5].

We have reported that the loss of HAI-1 in 
keratinocytes disturbs the normal keratinizing process and 
deranges the assembly of tonofilaments to desmosomes 
[6, 7]. In oral squamous cell carcinoma (OSCC), HAI-
1 insufficiency results in enhanced invasion of OSCC 
cells and increased cancer-associated fibroblasts through 
dysregulated pericellular activity of matriptase [8, 9]. In 
fact, cell surface HAI-1 was decreased in invasive OSCC 
cells [8], and matriptase expression was increased in 
OSCC tissues predicting unfavorable prognosis of the 
patients [10]. However, the roles for HAI-2 in keratinocyte 
and squamous cell carcinoma (SCC), including OSCC, 
are poorly understood. Forced overexpression of HAI-1 
or HAI-2 in keratinocytes has the potential to suppress 
the epidermal carcinogenesis and malignant progression 
in a matriptase transgenic mouse model using the keratin 
5 promoter [11–13]. Therefore, both HAI-1 and HAI-
2 have been implicated as suppressors in the neoplastic 
progression of keratinocytes. However, whereas HAI-1 is 
expressed in normal keratinocytes in vivo, the expression 
of HAI-2 in keratinocytes is hardly detectable in mice 
[14]. In contrast, immortalized human keratinocytes 
(HaCaT cells) and human SCC lines expressed notable 
levels of HAI-2 [15]. Therefore, endogenous HAI-2 may 
not function as a suppressor in neoplastic transformation 
of normal keratinocytes. Rather, it might be upregulated in 
transformed keratinocytes and contribute to the neoplastic 
progression.

OSCC is the sixth most common cancer worldwide, 
and mortality from OSCC is attributed to significant local 
invasiveness as well as regional and distant metastases [16, 
17]. Therefore, the development of innovative treatment 
strategies requires a better understanding of the molecular 
mechanisms underlying the invasive growth of OSCC. 
In this report, using an immortalized human keratinocyte 
cell line (HaCaT) and two human OSCC cell lines, we 
analyzed premalignant and malignant keratinocytes for 
the roles of HAI-2 in cellular growth and invasion. Rather 
unexpectedly, HAI-2 loss significantly suppressed the 
growth and invasiveness of OSCC cells. In contrast, HAI-
1 depletion enhanced invasiveness as reported previously 
[8], indicating the role of HAI-2 is distinct from that of 
HAI-1 in neoplastic keratinocytes. Immunohistochemical 
analysis of HAI-2 of surgically resected OSCC tissues, as 
well as expression analysis using a public database also 
suggested a positive role of HAI-2 in OSCC progression.

RESULTS

Generation of SPINT2−/− sublines from HaCaT, 
SAS and HSC3 cell lines

As it has been reported that HaCaT, SAS and HSC3 
cell lines express HAI-2 protein, we initially compared 

the levels of mRNA for HAI-2. All three lines expressed 
HAI-2 (SPINT2) mRNA. Whereas the mRNA levels 
tended to be higher in OSCC lines than in HaCaT, the 
difference was not statistically significant (Figure 1A). To 
explore the role of HAI-2 in premalignant and malignant 
keratinocytes, we generated SPINT2−/− sublines using 
a CRISPR/Cas9 system (Figure 1B). Two SPINT2−/− 
sublines were successfully established from each HaCaT 
and SAS line (HaCaT/HAI-2KO#1, HaCaT/HAI-2KO#2, 
SAS/HAI-2KO#1 and SAS/HAI-2KO#2) and one 
SPINT2−/− subline from HSC3 (HSC3/HAI-2KO) (Figure 
1B). As these cell lines also express HAI-1 (Figure 1B; 
Supplementary Figure 1), one SPINT1−/− subline was 
also generated from each HaCaT (HaCaT/HAI-1KO) or 
SAS (SAS/HAI-1KO) (Figure 1B). Genome sequencing 
confirmed a frameshift near the initiation codon of the 
SPINT2 or SPINT1 gene, followed shortly by an in-frame 
stop codon (Supplementary Figure 2). In all cell lines 
major HAI-2 proteins showed broad molecular weight 
(MW) bands around 30~45 kDa in SDS-PAGE under 
non-reducing condition. Treatment of the cellular extract 
with peptide N-glycosidase F (PNGF) revealed that the 
broad 30~45-kDa bands were N-glycosylated HAI-2 with 
complex glycosylation pattern (Figure 1C) [18]. We also 
generated a HAI-2 reversion cell line (SAS/HAI-2rev) by 
the transfection of the HAI-2 expression vector into SAS/
HAI-2KO#1 (Figure 1D).

The loss of HAI-2 suppressed growth of OSCC 
cells

We analyzed the effect of HAI-2 deficiency on 
cellular proliferation in vitro. Whereas colony-forming 
efficiency of HaCaT cells was not altered by HAI-2 
loss, SAS and HSC3 cells showed significantly reduced 
colony-forming efficiency on a culture dish in response 
to HAI-2 loss (Figure 2A). The same trend was observed 
in growth curve analysis (Figure 2B and Supplementary 
Figure 3). As reported previously [8], HAI-1-deficiency 
also suppressed the growth of SAS cells, and in contrast 
to HAI-2, HaCaT cells also showed suppressed growth 
in the absence of HAI-1 (Figure 2A and Supplementary 
Figure 3). Reversion of HAI-2 alleviated the suppression 
of colony formation (Figure 2C). Anchorage-independent 
growth in soft agar was also suppressed by HAI-2 loss in 
SAS cells (Figure 2D). Then, we analyzed the effect of 
SPINT2 deletion on tumor formation in nude mice using 
the SAS sublines. We used two implantation methods for 
this study. One was transplantation of SAS cells only. 
Another method was transplantation of a mixture of 
SAS cells and MRC5 human fibroblasts. The mean size 
of in vivo tumors was significantly larger when MRC5 
cells were concomitantly transplanted (Figure 2E). In 
agreement with the results of the in vitro growth study, 
SPINT2−/− cells formed smaller tumors than control 
SAS cells, but notable differences in histology were not 
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observed (Figure 2E). Metastasis was not observed in 
either group after the observation period (3 weeks).

HAI-2 was required for in vitro invasion of 
OSCC cells

Previously, we reported that silencing of SPINT1 
by short hairpin RNA enhanced the invasive capacity of 
cancer cells, including OSCC cells [8, 19–21], indicating 
that HAI-1 is a suppressor of cancer cell invasion. 
Therefore, we asked whether HAI-2 also suppressed 
cellular invasion of OSCC cells. The invasion front of 

cancer is frequently hypoxic. Therefore, we analyzed the 
cells’ invasive capability under both normoxic and hypoxic 
conditions. Unexpectedly, the loss of HAI-2 significantly 
suppressed the invasion of SAS cells under both normoxic 
and hypoxic conditions. Moreover, reversion of HAI-2 in 
SPINT2−/− cells eliminated the suppression of invasion 
induced by loss of HAI-2 (Figure 3A). The pro-invasive 
role of HAI-2 was also observed in another OSCC cell 
line, HSC3 (Figure 3B). It is unlikely that the suppression 
of invasion was caused by the reduced growth rate in 
the absence of HAI-2 because the invasion assay was 
performed within 48 h of plating and no significant 

Figure 1: Expression of HAI-2 (SPINT2) in HaCaT and OSCC (SAS and HSC3) cell lines and the generation of 
SPINT2 knockout sublines. (A) A representative photo of reverse transcription polymerase chain reaction (RT-PCR) (upper panel) and 
semi-quantification of mRNA by quantitative RT-PCR (qRT-PCR) (lower panel). Data of qRT-PCR are mean ± standard deviation (SD) of 
four independent experiments. #, p = 0.097; ##, p = 0.129, compared to HaCaT (Student’s t-test). (B) Generation of SPINT2−/− sublines (HAI-
2KO#1 and #2) and one SPINT1−/− sublines (HAI-1KO) in each of HaCaT or SAS cell line, as well as one SPINT2−/− subline (HAI-2KO) 
in HSC3. Immunoblots for HAI-2 (mAb 2A6121) and HAI-1 (mAb M19) were performed using cellular extracts. β-actin was used as an 
internal loading control (actin). Specific HAI-2 bands in parent cells (parent) and mock-transfected cells (mock) were absent in HAI-2KO 
lines. *, non-specific bands observed in all lanes. (C) Effects of PNGF treatment on HAI-2 of SAS cells. The same blot membrane was 
reprobed with β-actin antibody. (D) Reversion of HAI-2 in SAS/HAI-2KO#1 subline to generate SAS/HAI-2rev. Immunoblot for HAI-
2 using extracts from control cells (control), SAS/HAI-2KO#1 cells (HAI-2KO), mock-transfected control cells from SAS/HAI-2KO#1 
(mock) and SAS/HAI-2rev cells (HAI-2rev) is shown. *, non-specific bands observed in all lanes. The same blot membrane was reprobed 
with β-actin antibody.
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difference of cellular growth was observed in this assay 
period as shown in Figure 2B and Supplementary Figure 
3. In contrast to SPINT2, knockout of SPINT1 resulted 
in enhanced Matrigel invasion capacity of SAS cells, 
confirming the previously reported anti-invasive role of 

HAI-1 in OSCC [8] (Figure 3C). On the other hand, the 
invasive capability of HaCaT was lower compared to the 
SAS and HSC3 OSCC cell lines. In HaCaT cells, SPINT2 
knockout did not suppress the invasion significantly 
(Figure 3D). Therefore, HAI-2 was required for invasion 

Figure 2: Effects of HAI-2-deficiency on growth properties in vitro in growth medium under normoxic condition and 
in vivo. (A) Colony-forming efficiency of HaCaT, SAS and HSC3 cell lines and their mutant sublines. *, p < 0.01 compared to mock and 
HAI-2KO#1 (HaCaT) or parent and mock (HSC3); **, p < 0.001 compared to parent or mock; n = 6 in each group, Mann-Whitney U test. 
Error bars, SD. (B) Effects of HAI mutations on the growth curve of SAS cells. *, p < 0.001; #, p < 0.01; ANOVA with Fisher’s PLSD test. 
N = 3 in each group. Error bars, SD. (C) Effect of HAI-2 reversion on colony-forming efficiency of SPINT2−/− cells. *, p < 0.05 Mann-
Whitney U test; n = 6. Error bars, SD. (D) Effect of HAI-2-deficiency on anchorage-independent growth of SAS cells of in soft agar. Means 
± SD of colony number per ×40 field (left graph) and colony diameter (right graph, μm) are indicated. N = 9 for each group; *, p < 0.01 
Mann-Whitney U test. Representative photos are also shown. Bar, 50 μm. (E) Effect of HAI-2 deficiency on in vivo tumor growth. Mock-
transfected control SAS cells or SAS/HAI-2KO#1 were injected into the subcutaneous tissue of nude mice with or without MRC5 human 
fibroblasts. N = 5 for each group; *, p < 0.0001 ANOVA with Fisher’s PLSD test. Error bars, standard error. Representative histology of 
formed SAS tumors transplanted with MRC5 fibroblasts is also shown (HE section; bar, 500 μm).
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of OSCC cells, but not that of HaCaT premalignant 
keratinocytes. Taken together, this loss-of-function study 
revealed that the effects of HAI-2 on the invasive capacity 
of OSCC cells are quite different from those of HAI-1. 
Whereas the loss of HAI-1 enhanced cellular invasion but 
suppressed proliferation, loss of HAI-2 suppressed both 
invasion and proliferation.

Enhanced expression of prostasin in response to 
SPINT2 deletion

Next, we analyzed the molecular mechanism by 
which SPINT2 deletion suppressed OSCC cell migration 
and invasion. Gelatin zymography of serum-free culture 

supernatant showed gelatinolytic bands sensitive 
to GM6001, suggesting the presence of pro-matrix 
metalloprotease (MMP)-2 and -9; however, significant 
alterations of the gelatinolytic bands were not observed 
by the deletion of SPINT2 (Supplementary Figure 4A). We 
also examined the expression of E-cadherin and vimentin 
to test a possibility that HAI-2 loss induced epithelial to 
mesenchymal transition (EMT), but the expression of 
these molecules was not altered, either (Supplementary 
Figure 4B). Recent evidence suggests that the most 
important target protease for HAI-2 in the epithelial cell 
is prostasin, which is likely essential for the regulated 
activity and localization of matriptase as well as for 
epithelial integrity [4, 22, 23]. Other membrane-anchored 

Figure 3: Effect of HAI-2-deficiency on Matrigel invasion of OSCC cells. (A) Decreased Matrigel invasiveness by SAS cells 
after SPINT2 deletion and effect of HAI-2 reversion. Data of both normoxic and hypoxic conditions are shown. *, p < 0.001 Mann-Whitney 
U test; n = 12; error bar, SD. (B) Decreased Matrigel invasiveness by HSC3 cells after SPINT2 deletion. *, p < 0.01; **, p < 0.05 Mann-
Whitney U test; n = 8; error bar, SD. (C) Increased Matrigel invasiveness after SPINT1 deletion from SAS cells. *, p < 0.0001 Mann-
Whitney U test; n = 24; error bar, SD. (D) Effects of HAI mutations on Matrigel invasiveness by HaCaT cells.
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serine proteases, particularly TTSPs, may also be targets 
of HAI-2 [24]. Therefore, we compared control cells and 
HAI-2 mutants for the expression levels of prostasin, 
matriptase and other membrane-anchored serine proteases. 
In the initial screening by reverse transcription-polymerase 
chain reaction (RT-PCR), proteases that showed notable 
expression in all cell lines included matriptase, TMPRSS4, 
TMPRSS13 and prostasin (Figure 4A). Among them, 
the prostasin mRNA level was consistently increased 
in all SPINT2-deleted sublines. The enhanced prostasin 
expression in SPINT2-deleted OSCC cells was further 
confirmed by quantitative RT-PCR analysis (Figure 4B). 
We also analyzed the cellular prostasin protein levels. The 
endogenous prostasin protein levels were lower in OSCC 

cells than in HaCaT cells (Figure 4C), and loss of HAI-2 
also upregulated the prostasin protein levels in both SAS 
and HSC3 cells (Figure 4D). Consequently, the reversion 
of HAI-2 in SPINT2−/− SAS cells downregulated the 
prostasin level (Figure 4E).

Prostasin upregulation was responsible for 
SPINT2-deletion-mediated suppression of 
cellular invasiveness

Next, we asked whether increased prostasin was 
responsible for the reduced invasiveness of OSCC cells 
due to the loss of HAI-2. To address this question, we 
examined how siRNA-mediated silencing of prostasin 

Figure 4: Loss of HAI-2 upregulated prostasin. (A) RT-PCR analyses of nine TTSPs and two GPI-anchored serine proteases 
in HaCaT, SAS, HSC3 and their mutants. (B) Quantitative RT-PCR for prostasin mRNA in SAS, HSC3 and their mutants. *, p < 0.001 
compared to parent and mock; **, p < 0.05 compared to parent and mock; #, p < 0.05 compared to parent; Student’s t-test, n = 3 for each 
group. (C) Immunoblot analysis of prostasin. Prostasin proteins in cellular extracts from parental lines of HaCaT, SAS and HSC3 were 
compared. (D) Immunoblot analysis of prostasin in extracts of SAS, HSC3 and their mutant lines cultured under normoxic or hypoxic 
conditions. (E) Effect of HAI-2 reversion (HAI-2rev) in SAS/HAI-2KO#1 cells on the prostasin protein level.
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affected the migration and invasion of SPINT2-deleted 
OSCC cells. As shown in Figure 5A (SAS cells), Figure 5B 
(HSC3 cells) and Supplementary Figure 5, the silencing 
of prostasin resulted in the recovery of migratory and 
invasive capabilities of SPINT2−/− OSCC cells as judged 
by wound healing assays and Matrigel invasion assays, 
respectively, under normoxic conditions. Similar results 
were obtained under hypoxic condition (Supplementary 
Figure 6). In contrast, the silencing of prostasin did not 
affect the motility of control (SPINT2+/+) cells. Therefore, 
endogenous HAI-2 may be sufficient to suppress the anti-
motility function of prostasin. Decreased colony sizes in 
soft agar observed in HAI-2KO SAS was also alleviated 
by the silencing of prostasin, though the colony number 
was not altered (Supplementary Figure 5B). On the 
other hand, cellular growth rate on culture dish was not 
recovered by the silencing of prostasin (Supplementary 
Figure 6), indicating the prostasin upregulation was 
involved in the decreased invasiveness and anchorage-
independent growth but not in the decreased growth rate 
on culture dishes observed after SPINT2 deletion.

Recent studies indicated that prostasin mediates 
matriptase activation both enzymatically and 
nonenzymatically [25], whereas this prostasin function 
in matriptase zymogen activation is limited to those cells 
with exogenous expression of matriptase and prostasin 
[26]. Thus, increased prostasin may contribute to 
matriptase activation. Therefore, we examined matriptase 
activation using antibodies that recognized total matriptase 
(M24) and activated matriptase (M69). Notably, activated 
matriptase was increased in the absence of HAI-2 in 
OSCC cells. However, the activated matriptase was 
detectable mostly in the culture supernatant, which was 
complexed with HAI-1 (Figure 5C). Therefore, whereas 
the excess activation of matriptase occurred in the absence 
of HAI-2, it was inhibited by HAI-1.

Increased HAI-2 expression along with 
neoplastic progression of the oral epithelium

The above in vitro and in vivo observations 
indicated that the function of HAI-2 was distinct from 
that of HAI-1 in neoplastic keratinocytes, and unlike 
HAI-1, HAI-2 expression may contribute to OSCC 
progression. To test the in vivo relevance of the findings 
in human subjects, we analyzed the expression of 
HAI-2 in normal, premalignant and cancerous oral 
mucosa using surgically resected tissues obtained from 
OSCC patients. Formalin-fixed paraffin-embedded 
tissue sections from 25 OSCC cases were subjected 
to an immunohistochemical study of HAI-2. Before 
immunostaining, the coexistence of portions of non-
neoplastic oral epithelium, intraepithelial neoplasia and 
invasive OSCC in a single tissue section was confirmed 
with hematoxylin-eosin (HE) stain. The specificity of 

the primary antibody was verified by the absence of 
immunoreactivity of SPINT2−/− SAS cells (Figures 6A, 
6B). In the non-neoplastic epithelium, HAI-2-high (i.e., 
score ≥ 3) immunoreactivity was observed in 36% (9/25) 
of the cases showing positive reaction predominantly 
in the parabasal cells and 16 cases showed negative or 
borderline immunoreactivity (i.e., HAI-2-low; score ≤ 2) 
(Table 1, Figure 6C). The inconsistent immunoreactivity 
in the non-neoplastic epithelium may be due to decreased 
antigen preservation during storage of the paraffin 
block. However, the HAI-2-high immunoreactivity was 
consistently observed in the portions of dysplasia or 
carcinoma in situ in the same section (92%, 23/25) (Table 
1, Figure 6C). In the invasive OSCC portion, 96% of 
the cases (24/25) showed HAI-2-high immunoreactivity, 
and 14 cases (56%) showed intense immunoreactivity in 
more than 50% of the cancer cells (i.e., score 4) (Table 1, 
Figure 6C). The difference of HAI-2-high rate between 
non-neoplastic epithelium and intraepithelial neoplasia 
or non-neoplastic epithelium and invasive carcinoma 
was statistically significant (p < 0.0001, Fisher’s exact 
test). We also immunostained HAI-2 and prostasin in 
serial sections from representative four OSCC cases. 
Prostasin showed a reciprocal immunostaining pattern 
to HAI-2 in OSCC and adjacent oral epithelium (Figure 
6D). Of note, the HAI-2 immunoreactivity was present 
in the cytoplasm. This subcellular localization pattern 
is compatible with previous studies of other epithelial 
and cancer cells [15, 27, 28]. In contrast, HAI-1 showed 
a clear membrane-associated pattern with reduced 
immunoreactivity at the invasive front of OSCC as 
reported [8] (Figure 6E).

Because the number of cases subjected to the 
immunohistochemical study was very limited (25 cases) 
and most OSCC cases were positive for HAI-2, we could 
not perform conclusive evaluation for the relationship 
between HAI-2 immunoreactivity to clinicopathological 
parameters. Therefore, to further analyze whether HAI-2 
was in fact expressed in OSCC and had prognostic impact 
on the patients suffered from OSCC, we performed gene 
expression analysis using RNA sequence data in the 
cancer genome atlas (TCGA) public database. Notable 
levels of SPINT2 mRNA were confirmed in OSCC, 
showing the median value a little lower than pancreatic 
ductal adenocarcinomas that are known to overexpress 
SPINT2 [29] (Supplementary Figure 7A). On the other 
hand, some cancers known to show SPINT2 promoter 
hypermethylation [30–32] showed very low levels 
of SPINT2 mRNA. Then, using 377 cases of OSCC 
in the TCGA database, we analyzed the prognostic 
significance of markedly high SPINT2 expression (≥ 
mean + 0.5 SD; n = 49). However, we could not detect 
statistically significant relationship between high SPINT2 
expression and shorter overall survival (OS) (p = 0.068) 
(Supplementary Figure 7B).
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Figure 5: Effects of prostasin silencing on HAI-2 loss-mediated suppression of invasiveness. (A, B) Effect of prostasin 
silencing by prostasin siRNA#1 (siPro#1) and #2 (siPro#2) on migration in wound healing assays and Matrigel invasiveness by SPINT2−/− SAS 
(SAS/HAI-2KO#1) (A) and SPINT2−/− HSC3 cells (B) under normoxic condition. Two kinds of prostasin siRNAs were used and the extents of 
silencing are shown in the top panel. *, p < 0.01; **, p < 0.05; n = 8, Mann-Whitney U test. Photos are represented images of mock-transfected 
control and HAI-2KO cells 0 h (control siRNA) and 12 h (control siRNA and prostasin siRNA#1) after wounding. All images for each set 
wound healing assay experiments are presented in Supplementary Figure 5A. (C) Effects of HAI mutations on matriptase activation and 
shedding in OSCC cell lines. Data under normoxic and hypoxic conditions are shown. Anti-total matriptase mAb (M24) and anti-activated 
matriptase mAb (M69) were used for detection of matriptase. For supernatants, the same blot was reproved by anti-HAI-1 mAb M19.
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Figure 6: Immunohistochemistry of HAI-2 in OSCC tissues. (A) Validation of specificity of the primary antibody (XY9) by 
immunohistochemistry. Xenotransplanted tumors of control SAS (mock) and SAS/HAI-2KO#1 (HAI-2KO) were immunostained with XY9 
mouse mAb against human HAI-2. Intracytoplasmic HAI-2 immunoreactivity was noted in the control cells. Faint immunoreactivity was 
observed by omitting the primary antibody (mock NC), suggesting a reaction of the secondary antibody to mouse IgG. Immunostaining of 
HAI-2KO tumor resulted in a pattern similar to mock NC. (B) Validation of the XY9 mAb by immunocytochemistry. No immunoreactivity 
was observed in SPINT2−/− (HAI-2KO) SAS cells. (C) Immunohistochemistry of surgically resected human OSCC tissues by XY9 mAb. 
Representative results of non-neoplastic stratified epithelium, intraepithelial neoplasia and invasive OSCC in the same specimen from 
OSCC case No.23 (OSCC23, left column) and OSCC7 (right column). Note that whereas non-neoplastic epithelium shows faint or distinct 
immunoreactivity depending on the case, neoplastic lesions are consistently positive, indicating higher expression levels compared to the 
non-neoplastic epithelium. Insets indicate internal positive control (minor salivary gland epithelium). Bars, 200 μm. (D) Comparative 
immunohistochemistry of HAI-2 and prostasin in serial sections of OSCC and adjacent non-malignant epithelium (OSCC10). Note that 
HAI-2 is strongly expressed in the overt cancer cells, whereas prostasin is preferentially expressed in differentiated keratinocytes, showing 
a reciprocal expression pattern. Bar, 200 μm. (E) Comparative immunohistochemistry of HAI-1 (mAb 1N7) and HAI-2 in serial sections 
of invasive OSCC (OSCC1). The cancer cells at the invasive front are mostly negative for membranous HAI-1, whereas they are strongly 
positive for HAI-2. Bar, 100 μm.
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DISCUSSION

Pericellular proteolysis plays a crucial role in 
shaping the tumor microenvironment by modulating the 
extracellular matrix and processing numerous bioactive 
molecules, thereby contributing to both malignant and 
nonmalignant phenotypes [33, 34]. In our previous studies, 
we reported that loss of cell surface HAI-1 contributed 
to invasion of OSCC cells through dysregulation of its 
targeted protease, matriptase [8, 9], but suppressed in 
vitro cellular proliferation [8]. In this study, depletion 
of HAI-2 also suppressed cell growth; however, in 
contrast to loss of HAI-1, the loss of HAI-2 significantly 
suppressed the migration and invasion of OSCC cells 
in vitro. Consequently, we observed strong HAI-2 
immunoreactivity in invasive cancer cells of resected 
OSCC tissues. The high expression of SPINT2 mRNA in 
OSCC was also confirmed by the TCGA public database.

The precise function of HAI-2 in vivo is unclear. 
However, there is evidence for a physiological role for 
HAI-2 based on the discovery of SPINT2 mutations 
in the syndromic form of congenital sodium diarrhea 
[35]. In intestinal epithelial cells, HAI-2 likely regulates 
prostasin [22, 36]. The established critical roles of HAI-
2 in embryogenesis and placenta formation are based 
on the studies of mutant mice. Similar to the intestinal 
epithelium, the observed phenotypes in Spint2−/− mice 
involve dysregulation of the prostasin-matriptase axis 
[4]; however, apparent phenotypes were not reported in 
the skin and oral mucosa. In the murine skin and oral 
mucosa, keratinocytes did not express a notable level of 
HAI-2 in vivo when analyzed in beta-galactosidase-tagged 
Spint2 mice [14]. The current immunohistochemical 
study showed that HAI-2 was expressed in the normal 
oral epithelium in human and the immunoreactivity was 
upregulated in OSCC and its precursor lesions. Taken 
altogether, the high expression of HAI-2 in OSCC is 
likely an acquired characteristic along with malignant 
transformation.

The precise molecular mechanism by which loss of 
HAI-2 suppressed the invasiveness and growth of OSCC 
cells remains to be determined. Our current experimental 
evidence suggested that the pro-invasive function of HAI-
2 may be mediated, at least partly, by downregulation of 
prostasin function. The prostasin downregulation may also 

contribute partly to HAI-2-mediated enhancement of the 
anchorage-independent growth in soft agar. Indeed, an 
anti-invasive role of prostasin has been reported in various 
tumors. Prostasin inhibited invasion of prostatic cancer 
cells [37], breast cancer cells [38] and choriocarcinoma 
cells [39]. Loss of prostasin induced metastasis of 
hepatocellular carcinoma cells [40] and enhanced EMT 
of urothelial carcinoma cells [41]. Regarding squamous 
cell carcinomas, reduced expression of prostasin was 
recently reported in esophageal squamous cell carcinoma, 
and forced expression of prostasin suppressed the invasive 
growth of the cells in vitro [42]. Therefore, prostasin 
is a suppressor of the malignant phenotype in a wide 
range of cancers, explaining why reduced expression of 
prostasin in cancer cells correlated with less differentiated 
histology and poorer prognosis of the patients [40, 42–
45]. In the current study, it remains to be determined 
how prostasin suppressed the invasiveness of OSCC 
cells. EMT is unlikely, as the E-cadherin level was not 
altered by HAI-2 loss. Whereas we observed increased 
cellular levels of prostasin protein and mRNA in response 
to HAI-2 loss, according to the molecular size detected 
by immunoblotting, the increased prostasin may be a 
zymogen form. Nonetheless, protease activity-independent 
functions of prostasin have been reported. The inactive 
prostasin somehow functions in embryonic and postnatal 
developmental process [4]. Moreover, inactive prostasin 
downregulates the expression of molecules involved in 
malignant phenotypes of cancer cells, such as urokinase-
type plasminogen activator (uPA), uPA receptor, and 
cyclooxygenase 2 [46]. Further mechanistic analysis for 
the prostasin function in OSCC cells will be required 
in future studies. On the other hand, prostasin was not 
involved in the suppression of cellular growth rate on 
culture dishes caused by SPINT2 deletion in this study, 
and the mechanism by which HAI-2 contributes to cellular 
proliferation is currently unknown. As either HAI-1-
deficiency or HAI-2-deficiency suppressed the in vitro 
growth of OSCC cells, tight regulation of membrane-
anchored protease activities may be important for cellular 
proliferation.

In contrast with the present data, many studies 
(including our own) have indicated that HAI-2 has 
a tumor-suppressor function. Indeed, significant 
downregulation of HAI-2 has been observed in malignant 

Table 1: HAI-2 immunoreactivity score of non-neoplastic oral epithelium, intraepithelial neoplasia and invasive 
OSCC

  
 HAI-2-low cases HAI-2-high cases 

score 0 score 1 score 2 score 3 score 4

Non-neoplastic epithelium 11 4 1 7 2

Intraepithelial neoplasia 1 1 0 15 8

Invasive OSCC 0 0 1 10 14
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brain tumors, hepatocellular carcinomas, renal cell 
carcinomas and melanomas [30-32, 47-50]. Moreover, 
the TCGA database also indicated significantly reduced 
SPINT2 mRNA levels in these cancer types. In HAI-2-low 
types of cancer, downregulation of HAI-2 was mediated 
by promoter hypermethylation of the SPINT2 gene [30–
32], and recently, SPINT2 hypermethylation was reported 
in other cancer types, such as esophageal carcinoma and 
gastric cancer [51, 52]. In prostatic cancer, decreased HAI-
2 level was observed along with cancer progression [53, 
54]. Consequently, forced overexpression of HAI-2 in 
cancer cells with reduced HAI-2 expression suppressed 
their capabilities for invasive growth [47, 49, 54–56]. On 
the other hand, the SPINT2 gene was initially identified as 
a gene overexpressed in pancreatic cancer under the name 
of Kop (Kunitz domain containing protein overexpressed 
in pancreatic cancer) [29], and HAI-2 protein was initially 
discovered in and purified from culture supernatant of a 
gastric carcinoma cell line [2]. Indeed, the TCGA database 
indicates high SPINT2 mRNA levels in pancreatic ductal 
adenocarcinomas and the median level of SPINT2 mRNA 
is high in other major cancers such as non-small cell 
lung cancers, colon cancers, breast cancers and prostatic 
cancers. In breast cancer, HAI-2 expression was high 
in HER2-positive tumors, which was further induced 
by hypoxia [57]. Moreover, high HAI-2 expression in 
breast cancer was a significant predictor for poor clinical 
treatment response rate [57]. In OSCC, our current study 
showed that the expression of HAI-2 increased during 
disease progression. Oral intraepithelial neoplasia/
dysplasia showed increased immunoreactivity compared 
to the adjacent normal epithelium, and most invasive 
carcinoma cases showed intense immunoreactivity at least 
some of the cancer cells.

Based on the foregoing, we suggest that the role 
of HAI-2 is cell type- or tissue type-specific, possibly 
depending on membrane-anchored proteases. An 
alternative explanation for the discrepancy between our 
current study and previous reports could be due to the 
different approaches used to analyze HAI-2 function. For 
example, previous studies applied a forced overexpression 
strategy to cancer cells with reduced HAI-2 expression. 
In contrast, our current report utilized a loss-of-function 
analysis by homozygous knockout of the SPINT2 gene 
in cancer cells with sufficient HAI-2 expression. Another 
question unanswered in this study is the mechanism by 
which HAI-2 deficiency induces prostasin upregulation. 
Clearly, further studies to clarify the link between HAI-2 
and prostasin expression will be required.

In conclusion, this study suggests, for the first 
time, that HAI-2 contributes to the invasive growth of 
OSCC cells. Our study also provides evidence that HAI-
2 may serve as a histopathological marker of neoplastic 
progression of oral epithelium. Further studies to clarify 
the molecular interactions underlying the pro-invasive 
function of HAI-2 will shed light on the novel mechanism 

regulating the invasive growth of OSCC, helping the 
development of innovative therapies.

MATERIALS AND METHODS

Antibodies

The following antibodies were used: anti-human 
HAI-1 goat polyclonal antibody (R&D Systems, 
Minneapolis, MN, USA), anti-human prostasin mouse 
mAb (BD Biosciences, Franklin Lakes, NJ), anti β-actin 
mouse mAb (Sigma, St Louis, USA), anti-human HAI-
1 mouse monoclonal antibody (mAb) M19 and 1N7, and 
anti-human HAI-2 mouse mAbs XY9 and 2A6121, anti-
human matriptase (total matriptase) mouse mAb M24 
and anti-human activated matriptase mouse mAb M69. 
Preparation and characterization of the mAbs M19, XY9, 
M24, M69 and 1N7 have been reported previously [18, 
58–60]. Another anti-human HAI-2 mouse mAb 2A6121, 
raised against the presumed extracellular portion of 
recombinant HAI-2, was prepared in our laboratory.

Cell culture

A spontaneously transformed immortal keratinocyte 
line, HaCaT, was obtained from the CLS Cell Lines 
Service GmbH (Eppelheim, Germany). Two human 
OSCC cell lines, SAS and HSC3, were obtained from the 
Cell Resource Center for Biomedical Research, Tohoku 
University (Sendai, Japan) and the Riken Cell Bank 
(Tsukuba, Japan), respectively. A human fibroblasts cell 
line, MRC5, was obtained from the Japanese Cancer 
Research Resources Bank (Tokyo, Japan). These cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% fetal bovine serum (FBS), with 
penicillin G and streptomycin. All cultured cells were 
maintained at 37°C in a humidified incubator with 5% 
CO2 (normoxic culture). For hypoxic cultivation, cultured 
cells were maintained at 37°C in a humidified incubator 
with 5% CO2, 1% O2 and 94% N2 using a CO2 multi-gas 
incubator AP30 (ASTEC, Fukuoka, Japan). Serum-free 
culture was performed in DMEM supplemented with 
1.72 μM insulin, 69 nM transferrin and 39 nM of sodium 
selenite (ITS) (Thermo-Fisher, Waltham, MA, USA).

Knockout (KO) of the SPINT1 or SPINT2 gene 
in cultured cells

Genome editing using clustered regularly interspaced 
short palindromic repeat (CRISPR)/ CRISPR-associated 
proteins 9 (Cas9) was used for KO of the SPINT1 or 
SPINT2 gene in the HaCaT, SAS or HSC3 cell line. A 
Cas9 and single guide RNA (sgRNA) expression plasmid, 
pSpCas9(BB)-2A-Puro(px459), was purchased from 
ADDgene (Cambridge, MA, USA). To generate sgRNA 
for Cas9 targets, we designed two 20-nt target sequences 
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preceding a 5′-NGG of a protospacer adjacent motif 
(PAM) sequence. The sgRNA target sequences of SPINT1 
(HAI-1) and SPINT2 (HAI-2) were as follows: SPINT1 
forward, 5′-CACCGGAAGGCGATGGCCCCTGCG-3′ 
and reverse, 5′-AAACCGCAGGGGCCATCGCC 
TTCC-3′; SPINT2 forward, 5′-CACCGTGCGGGCT 
GAGGCGGAGCC-3′ and reverse, 5′-AAA 
CGGCTCCGCCTCAGCCCGCAC-3′. These single-
stranded oligo DNAs were annealed and inserted into the 
BbsI site of px459. Then, these plasmids were transfected 
by Lipofectamine 3000 (Invitrogen, CA, USA) into 
cells at subconfluency. After 24 h, the transfected cells 
were treated with 1 μg/mL puromycin for selection of 
stably transfected cells. Knockout of the SPINT1 or 
SPINT2 gene was confirmed by genome sequencing, 
immunoblot analysis and immunocytochemistry. 
Immunocytochemistry was performed as described 
previously7. After incubation with primary antibody 
for 1 h and phosphate-buffered saline (PBS) washing, 
the cells were incubated for 30 min with Alexa Fluor 
488-conjugated goat anti-mouse IgG (Life Technologies, 
Tokyo, Japan). Then, the cells were washed with PBS and 
counterstained with 2-(4-amidinophenyl)-1H-indole-6-
carboxamidine (DAPI) (Life Technologies).

For reversion of defective HAI-2, the SPINT2−/− 
SAS cells were transfected with a HAI-2 expression 
vector, pCI-HAI-2. Briefly, the whole SPINT2 coding 
region with three bases (GCC) preceding the initiation 
codon was inserted into the XbaI/SalI site of the pCIneo 
mammalian cell expression plasmid (Promega, Madison, 
WI, USA) generating the pCI-HAI-2. The plasmid was 
transfected into SPINT2−/− cells using Lipofectamine 3000 
reagent (Invitrogen). After transfection, the cells were 
cultured in the presence of 0.5 mg/mL of G418 (Sigma), 
and a G418-resistant cell pool was obtained.

Evaluation of cellular proliferation, migration 
and invasion in vitro

For determination of cellular proliferative capability 
in vitro, growth curve and colony-forming efficiencies 
were determined. To establish growth curves, triplicate 
35-mm dishes were seeded at 3.0 × 104 cells/2 mL growth 
medium. The number of viable cells was counted daily. 
To determine colony-forming efficiency, cells were 
seeded at 100 cells/2 mL in 35-mm dishes and cultured 
for ten days. The cell colonies were stained with crystal 
violet, and the number of visible colonies was counted. 
The colony-forming efficiency was then calculated as 
colony numbers formed per cells plated × 100. In an 
indicated experiment, cell number assessment by cell 
counting kit-8 (Wako, Osaka, Japan) was also performed 
according to the manufacturer’s instructions. For the 
evaluation of anchorage-independent growth, a soft agar 
colony formation assay was performed. Briefly, SAS cells 
(1.0×104/well in 6-well plates) were cultured in a cell agar 

layer containing 0.36% agar (Nakarai, Kyoto, Japan) in 
growth medium placed on a base agar layer (0.75% agar 
in growth medium). The plates were incubated at 37°C for 
one week, and their colonies were observed under a phase-
contrast microscope.

For evaluation of cellular migratory activity, a 
wound healing assay was performed. Briefly, cells were 
seeded in 6-well plates in growth medium. After the 
cells had formed a confluent monolayer, the layers were 
scratched using a sterile 1000-μL pipette tip and washed 
in PBS to remove cell debris. After a PBS wash, the cells 
were incubated with serum-free DMEM. The scratch 
wounds were photographed at 12 h with a ×4 objective. 
For evaluation of the invasive capability, Chemotaxicells 
(Greiner Bio-One, Kremsmünster, Austria) were coated 
with 25 μg of Matrigel (Life Sciences, Tewksbury, MA, 
USA) per filter and 5 × 105 cells in DMEM with 0.1% 
bovine serum albumin (BSA) were seeded in the upper 
chamber and incubated for 48 h. The lower chamber 
contained medium with 5% FBS as a chemoattractant. The 
invading cells that had migrated to the bottom of the insert 
membrane were fixed and stained with hematoxylin.

Immunoblot analysis

Cells at ~80% confluence were maintained in 
serum-free DMEM with ITS for 24 h under either 
normoxic or hypoxic condition as described. Then, 
serum-free conditioned media (SFCM) were collected 
and centrifuged at (185 × g) for 5 min to remove insoluble 
cellular debris, followed by 10-fold concentration by 
ultrafiltration using Amicon Ultra filter units (10kDa 
cut-off) (Millipore, Bedford, MA, USA). To obtain total 
cell lysates, cells were extracted with 1% Triton X-100 
with protease inhibitor cocktail (1:40; Sigma). Cellular 
debris was removed by centrifugation (15400 × g for 15 
min at 4°C). Protein concentration was measured with 
BCA protein assay kit (Thermo-Fischer). Equal amounts 
of proteins were subjected to standard sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis under 
reducing or non-reducing conditions and transferred onto 
an Immobilon™ membrane (Millipore). After blocking 
with 5% skim milk in 50 mM Tris-HCl, pH7.6, 138 
mM NaCl, 2.7 mM KCl with 0.1% Tween 20 (TBS-T), 
the membrane was incubated with primary antibody 
overnight at 4°C, followed by washing in TBS-T and 
incubation with a peroxidase-conjugated goat anti-mouse 
IgG (Bio-Rad) or rabbit anti-goat IgG (DAKO, Glostrup, 
Denmark) diluted in TBS-T with 1% BSA for 1 h at room 
temperature. The labeled proteins were visualized with 
chemiluminescence reagent (PerkinElmer Life Science, 
Boston, MA, USA). For the analysis of N-glycosylation 
level of HAI-2, cellular extracts were treated with 25 
μunits/μL peptide N-glycosidase F (Takara Bio, Shiga, 
Japan) in the presence of 1% SDS for 1 h at 37˚C and the 
reactants were subjected to immunoblot analysis.
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RT-PCR and qRT-PCR

Total RNAs were prepared with TRIzol™ (Life 
Technologies), followed by DNAse I (Roche Applied 
Science, Indianapolis, IN, USA) treatment. For RT-PCR, 
3μg total RNA was reverse transcribed with a mixture of 
oligo(dT)12-8 (Life Technologies) and random primers 
(TOYOBO, Osaka, Japan) using 200 units of ReverTra 
Ace™ (TOYOBO), and 1/30 of the resulting cDNA was 
processed for each PCR reaction and analyzed by 1.0% 
agarose gel electrophoresis as described previously [8]. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
and β-actin mRNAs were used as internal controls. For 
qRT-PCR, PCR was performed in a Thermal Cycler Dice 
Real Time System II (Takara Bio) using the SYBR Premix 
Ex Taq ll (Takara Bio), and the data were normalized to 
the β-actin mRNA level. All sequences of PCR primers are 
listed in Supplementary Table 1.

Prostasin silencing and gelatin zymography

To knock down the prostasin (PRSS8) gene by 
small interfering RNA (siRNA), two kinds of Stealth™ 
siRNA (Invitrogen) were used. The sequences of the 
siRNAs were 5′-GGCCAUUCUGCUCUAUCUUGG 
AUUA-3′ (prostasin siRNA #1) and 5′-CAGGG 
CUUGCUGAGGCCCAUCCUUU-3′ (prostasin 
siRNA #2). Stealth siRNA Negative Control Duplexes 
(Invitrogen) were transfected as a control. Transfection 
was performed using Lipofectamine 3000 (Invitrogen).

For gelatin zymography, samples were 
electrophoresed in 10% SDS-polyacrylamide gels 
impregnated with 1 mg/mL gelatin (KOKEN, 
Tokyo, Japan) under non-reducing conditions. After 
electrophoresis, gels were washed in 50 mM Tris-HCl (pH 
7.5) containing 0.1 M NaCl and 2.5% Triton-X-100 for 1.5 
h to remove SDS, followed by incubation in 50 mM Tris-
HCl at pH 7.5 with or without 0.5 mM EDTA and 10 μM 
broad-spectrum MMP inhibitor, GM6001 (Millipore), for 
30 min to eliminate MMP activities. Then the gels were 
incubated at 37°C for 24 h in 50 mM Tris-HCl (pH 7.5) 
and stained with Coomassie Brilliant Blue.

Xenotransplantation in nude mice

All animal procedures were performed in 
accordance with institutional guidelines, and the 
protocol was approved by the Animal Care Committee 
of the University of Miyazaki. SAS cells (1.0 × 106) 
in 100 μL PBS were injected subcutaneously into 
the abdominal flanks of 6-week-old male nude mice 
(BALB/cAJc1-nu) without or with 1.0 × 106 MRC5 
fibroblasts. The tumor volume (mm3) was calculated by 
the formula: length x width x width/2. The mice were 
sacrificed and autopsied three weeks after the injection, 

and all of the xenograft tumors were excised and fixed 
with 4% formaldehyde in PBS. Paraffin embedded tissue 
sections were prepared from the maximum cut surface 
of each tumor.

Immunohistochemical analysis of HAI-2 in 
human OSCC tissues

The study protocol was in accordance with the 
revised Helsinki Declaration of 1983 and approved 
by the Institutional Review Board of the Faculty of 
Medicine, University of Miyazaki (approved number: 
2016-283). Formalin-fixed, paraffin-embedded tissue 
sections were prepared from surgical specimens of OSCC 
patients resected at the University of Miyazaki Hospital, 
Miyazaki, Japan. All specimens were obtained with 
informed consent from all patients. A total of 25 cases, 
none of whom had adjuvant therapy before surgery, were 
evaluated. After heat-induced epitope retrieval, the tissue 
sections were stained for HAI-2 using mAb XY-9 [18]. All 
procedures were performed using a Ventana automated 
staining system with a biotin-streptavidin system DAB 
Map kit and Amplification kit (Ventana Medical system, 
Tucson, AZ). For a negative control, a tissue section from 
nude mouse tumors from SPINT2−/− SAS was used. The 
omission of primary antibody was also used as another 
negative control. Immunoreactivity of minor salivary 
gland epithelium was used for the internal positive 
control.

To evaluate the HAI-2 expression level, we scored 
the areas of positive immunoreactivity similar to or 
stronger than internal control (minor salivary gland 
epithelium) and the score was graded as follows: 0, 
no positive area; 1, positive in <25% of area; 2, 25%≤ 
positive area <50%; 3, positive area ≥50%. We also scored 
the staining intensity as follows: 0, similar to or weaker 
than internal control; 1, stronger than internal control. The 
final immunoreactivity score (0 to 4) was a total of the 
area score and intensity score. Then the cases were sub-
grouped into HAI-2-low (≤ final score 2) and HAI-2-high 
(final score ≥ 3) cases.

TCGA data collection and analysis

HAI-2 (SPINT2) RNA-Seq expression data, 
available for OSCC, were retrieved from TCGA 
Research Network (http://cancergenome.nih.gov/). 
Data were extracted from the TCGA Head and Neck 
Squamous Cell Carcinoma Provisional study through 
the cBioPortal for Cancer Genomics website (http://
www.cbioportal.org/) on the 15th of November, 2016. 
In total, we selected 377 OSCC patients with complete 
data, including patient viability that could be used for 
survival analysis.

http://cancergenome.nih.gov/
http://www.cbioportal.org/
http://www.cbioportal.org/
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Statistical analysis

Comparison between two groups was performed 
with the Mann-Whitney U test or Student’s t-test or 
analysis of variance (ANOVA) with Fisher’s protected 
least significant difference (PLSD) test. Fisher’s exact 
test was used for assessment of the relationship between 
valuables. OS was estimated using the Kaplan-Meier 
method where groups were compared using the log-
rank test. Data analysis was done using the StatView 5.0 
program (SAS, Cary, NC, USA). Significance was set at 
p < 0.05.
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