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Abstract

Ferroptosis is a distinct iron-dependent programmed cell death and plays important roles in
tumor suppression. However, the regulatory mechanisms of ferroptosis need further
exploration. RUNT-related transcription factor 2 (RUNX2), a transcription factor, is essential
for osteogenesis. RUNX2 has two types of transcripts produced by two alternative promoters.
In the present study, we surprisingly find that RUNX2 isoform II is a novel ferroptosis
suppressor. RUNX2 isoform II can bind to the promoter of peroxiredoxin-2 (PRDX2), a
ferroptosis inhibitor, and activate its expression. Knockdown of RUNX2 isoform II suppresses
cell proliferation in vitro and tumorigenesis in vivo in oral squamous cell carcinoma (OSCC).
Interestingly, homeobox A10 (HOXA10), an upstream positive regulator of RUNX2 isoform II,
is required for the inhibition of ferroptosis through the RUNX2 isoform II/PRDX2 pathway.
Consistently, RUNX2 isoform II is overexpressed in OSCC, and associated with OSCC
progression and poor prognosis. Collectively, OSCC cancer cells can up-regulate RUNX2
isoform II to inhibit ferroptosis and facilitate tumorigenesis through the novel
HOXA10/RUNX2 isoform II/PRDX2 pathway.
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This paper investigates how isoform II of transcription factor RUNX2 promotes cell
survival and proliferation in oral squamous cell carcinoma cell lines. The authors used
gain and loss of function techniques to provide incomplete evidence showing that
RUNX2 isoform silencing led to cell death via several mechanisms including
ferroptosis that was partially suppressed through RUNX2 regulation of PRDX2
expression. The study provides useful insight into the underlying mechanism by
which RUNX2 acts in oral squamous cell carcinoma, but the conclusions of the
authors should be revised to acknowledge that ferroptosis is not the only cause of
cell death.

https://doi.org/10.7554/eLife.99122.1.sa2

1. Introduction

Ferroptosis, a form of non-apoptotic programmed cell death, is an iron-dependent death and is
characterized by the accumulation of lipid peroxidation and the production of reactive oxygen
species (ROS) (Dixon et al., 2012 3). Ferroptosis has sparked great interest as targeting ferroptosis
might provide new therapeutic opportunities in treating cancers. Emerging evidence indicates that
ferroptosis may function as a potent tumor suppressor in the progression of head and neck
squamous cell carcinoma (HNSCC) (Li, Jin, Zhang, Ma, & Yang, 2022 (#%; T. Lu et al., 2022 (%),
including oral squamous cell carcinoma (OSCC) (Sun et al., 2022(%; J. Yang, Cao, Luan, & Huang,

cisplatin-induced resistance (Han, Li, & Wu, 2022 ). Therefore, the induction of ferroptosis is an
attractive strategy for OSCC therapy. Multiple extrinsic or intrinsic pathways regulate the
ferroptotic process (Tang & Kroemer, 20202). The extrinsic pathways are initiated by the
inhibition of cell membrane transporters such as the cystine/glutamate transporter system Xc™ or
by the activation of the iron transporters transferrin (TF) and lactotransferrin (LTF). The intrinsic
pathway is activated by the blockade of intracellular antioxidant enzymes like glutathione
peroxidase 4 (GPX4). Although the principal regulatory mechanisms of ferroptosis have been
explored in the past few years, other potential molecular mechanisms remain to be uncovered.

The RUNT-related transcription factor 2 (RUNX2), a member of the RUNT-related transcription
factor family, is critical for osteogenesis (Bruderer, Richards, Alini, & Stoddart, 2014 %), and has
been extensively studied in the development of bone and tooth (Wen et al., 2020 (2; Ziros, Basdra,
& Papavassiliou, 2008 (@). Previous studies revealed that RUNX2 promotes cancer metastasis and
invasion in a variety of cancers, including breast cancer (C. H. Chang et al., 2014 (%), thyroid

the potential roles of RUNX2 in other aspects of tumorigenesis remain largely unclear. RUNX2
gene is composed of two promoters that in turn generate two types of isoforms, isoform II derived
from promoter 1 (P1) and isoform I from promoter 2 (P2). These isoforms contain distinct N-
terminal sequences. Whether these isoforms play distinct roles in tumorigenesis remains
unknown.

0SCC is one of the most common malignant cancers in the world, especially in areas with low
Human Development Index (Sung et al., 2021 ). The treatment of OSCC has progressed over time
from surgery alone to comprehensive series of therapies including radiation, chemotherapy and
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immunotherapy (Chi, Day, & Neville, 2015 3; Kang, Kiess, & Chung, 2015 ). Despite a lot of
advances in treatment modalities, the five-year overall survival rate is around 50-60% (Jawert et
al., 2021 ®). Therefore, it is still challenging to improve the therapy of OSCC.

In this study, to have a well-defined understanding of the relationship between RUNX2 isoform II
and ferroptosis, we examined the effects of isoform II-knockdown or -overexpression on total ROS
levels and lipid peroxidation, and the effects of isoform II-knockdown on mitochondrial
morphology in OSCC cells. And mechanically, peroxiredoxin-2 (PRDX2), a ferroptosis suppressor,
was identified to be a target gene of RUNX2 isoform II. Meanwhile, we analyzed the effect of
RUNX2 isoform II overexpression or knockdown on OSCC cell ferroptosis, cell proliferation and
tumor growth.

2. Results

RUNX2 isoform II is overexpressed and

associated with poor prognosis in OSCC

Given that the expression levels as well as the functions of RUNX2 isoforms (isoform I and II)
produced by two alternative promoters (Figure 1A %) in tumors are unclear, we explored their
expression and roles in OSCC in this study. The expression levels of total RUNX2 were slightly
higher in TCGA OSCC tissues than those in normal controls, but there was no statistically
significant difference (Figure 1B @). However, isoform I and II were significantly differently
expressed in OSCC. The expression levels of isoform II (indicated by PSI, percent-splice-in, the
usage of exon 1.1 in total RUNX2 transcripts) in OSCC patients were 1.46-fold significantly higher
than those in normal controls (Figure 1C&). In contrast, the expression levels of isoform I were
lower than those in normal controls (Figure 1D ©). Moreover, patients with clinical stage I, I, and
11T showed lower levels of isoform II compared with those with stage IV (Figure 1E). Patients
with higher isoform II showed significantly shorter overall survival (Figure 1F2). These
evidences suggested that isoform IT was highly expressed in OSCC tissues and positively correlated
with the progression of OSCC.

Consistently, the expression levels of isoform II were also significantly upregulated in breast
invasive carcinoma (BRCA) (Figure 1-figure supplement 1A), colon adenocarcinoma (COAD)
(Figure 1-figure supplement 1B), prostate adenocarcinoma (PRAD) (Figure 1-figure supplement
10C), and stomach adenocarcinoma (STAD) (Figure 1-figure supplement 1D) patients of TCGA
database, suggesting that isoform II might play extensive roles in multiple cancers.

To verify the results from TCGA, we analyzed the expression levels of RUNX2 isoforms in 11 OSCC
tissues and adjacent normal controls by RT-PCR (Figure 1G(@). As expected, the ratios of isoform II
vs I and the expression levels of isoform II were also significantly higher in these OSCC tissues
than those in adjacent normal tissues (Figure 1H & and I&). These results suggested that RUNX2
isoform II may play important roles in OSCC.

RUNX2 isoform II is required for OSCC cell

proliferation in vitro and tumorigenesis in vivo

Then, we explored the roles of RUNX2 isoform II in OSCC cells. Overexpression of either FLAG
tagged isoform II significantly promoted the proliferation of OSCC cells, CAL 27 and SCC-9 cell lines
(Figure 2A® and B®). Interestingly, isoform II overexpression showed enhanced cell
proliferation compared with isoform I overexpression in OSCC cells (Figure 2A ). Consistently,
knockdown of isoform II significantly inhibited cell proliferation in both cell lines (Figure 2C#
and D), as well as colony formation (Figure 2E (). Cells with isoform II-knockdown showed
significantly higher apoptosis than those control cells (Figure 2F 2 ). However, the overexpression
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Figure 1.

Human RUNX2 isoform II is overexpressed and associated with poor prognosis in OSCC. (A) Schematic diagram of the
isoforms and alternative promoters of the human RUNX2 gene. Boxes and lines represent exons or introns in the pre-mRNA,
respectively. P1 and P2 represent promoters. Isoform Il is transcribed from P1, while isoform I is transcribed from P2. Exon 5
and 7 are alternative exons. (B-D) The expression levels of total RUNX2 and isoforms in TCGA OSCC patients. (B) The
normalized expression levels of total RUNX2, obtained from an online program, TSVdb, in normal (32 cases) or OSCC tissues
(309 cases). (C, D) The PSI (percent-splice-in) values of exon 1.1 (isoform II) (C) and exon 2.1 (isoform I) (D) (total 288 cases
with PSI values of exon 1.1 and exon 2.1) in normal (27 cases) and OSCC tissues (288 cases) were obtained from an online
program, TCGA SpliceSeq. The PSI values represent the relative expression levels of individual isoform. (E) Comparison of
exon 1.1 (isoform II) PSI between patients in stage I, Il and III (132 cases) and those in stage IV (156 cases) of OSCC TCGA
patients. (F) OSCC TCGA patients (total 287 cases with survival data) with low expression (254 cases) or high expression (33
cases) of exon 1.1 (isoform II) in OSCC. Low exon 1.1 (isoform II) PSI was defined as less than mean + 1.44SD (standard
deviation). (G) The representative RT-PCR results of isoform II and isoform I in our OSCC or normal samples. GAPDH served
as a loading control. (H-I) The scatter dot plot summarized the ratio of isoform II versus isoform I (isoform II/isoform I) (H) or
the relative expression levels of isoform II (isoform II/GAPDH) (I) in our clinical OSCC (11 cases) and normal samples (11
cases). * P <0.05, ** P < 0.01.
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of isoform II or isoform I had no obvious effect on the cellular apoptosis of OSCC (Figure 2-figure
supplement 1). Importantly, CAL 27 cells stably transfected with shRNA against isoform II showed
significantly reduced tumor growth and weight than those transfected with non-specific control
shRNA in nude mice (Figure 2G-J @). These results suggested that RUNX2 isoform II is required for
the proliferation and tumorigenicity of OSCC cells.

RUNX2 isoform II suppresses ferroptosis

Next, we explored how RUNX2 isoform II enhanced the proliferation of OSCC cells. Ferroptosis is
an important form of programmed cell death and plays an important role in the suppression of
tumors (Ouyang et al., 2022 (2 ; Wei et al., 2021 & ). We found that OSCC tissues had positive 4-
hydroxynonenalince (4-HNE, a metabolite of lipid peroxidation) staining in variant levels,
suggesting that ferroptosis might be present in OSCC tissues (Figure 3-figure supplement 1A).
Ferroptosis is characterized by the accumulation of lipid peroxidation and ROS. We found that
isoform II-knockdown significantly enhanced total ROS production (Figure 3AX) and lipid
peroxidation accumulation (Figure 3B ) in CAL 27 and SCC-9 cells. Consistently, isoform II
overexpression suppressed ROS production (Figure 3C ) and lipid peroxidation (Figure 3D (@) in
these cells. In addition, we found that isoform II-knockdown induced shrunken mitochondria with
vanished cristae with transmission electron microscopy (Figure 3E@). These results suggest that
RUNX2 isoform II may suppress ferroptosis. To further figure out the relationship between isoform
IT and different types of cell death, especially ferroptosis, we performed the rescue experiments
with some inhibitors of cell death including ferrostatin-1 (Fer-1, a ferroptosis inhibitor), Z-VAD (an
apoptosis inhibitor) and necrostatin-1 (Nec-1, a necroptosis inhibitor) upon isoform II-knockdown.
As expected, Fer-1 treatment partially rescued the reduction of cell proliferation caused by isoform
II-knockdown (Figure 3F % and Figure 3-figure supplement 2A). We also found that Z-VAD and
Nec-1 could partially rescue the reduction of cell proliferation caused by isoform II-knockdown
(Figure 3G @ and Figure 3-figure supplement 2B) and Z-VAD also could partially decrease
apoptosis induced by isoform II-knockdown (Figure 3-figure supplement 3), which suggested that
both apoptosis and necroptosis were also involved in the cell death caused by RUNX2 isoform II-
knockdown. Fer-1 treatment reduced the increased levels of ROS production (Figure 3H) and
lipid peroxidation (Figure 3I12) caused by isoform II-knockdown. RSL3, a ferroptosis activator,
could cause cell death in CAL 27 and SCC-9 cells (Figure 3-figure supplement 4A), and increase the
production of cellular ROS (Figure 3-figure supplement 4B) and lipid peroxidation (Figure 3-figure
supplement 4C). As expected, overexpression of isoform II could partially reduce the increased
levels of ROS production (Figure 3J @) and lipid peroxidation (Figure 3K%) caused by RSL3.
Consistently, tumors formed by CAL 27 cells with isoform II-knockdown showed a significantly
increased staining of 4-HNE compared with the control (Figure 3L®). In summary, these results
suggested that RUNX2 isoform II can suppress ferroptosis in OSCC cells.

RUNX2 isoform II promotes the expression of PRDX2

To understand the regulatory mechanisms of how RUNX2 isoform II suppresses ferroptosis, we
screened some ferroptosis-suppressive genes including several antioxidant enzymes in CAL 27
treated with isoform II siRNAs. PRDX2 is the most significantly down-regulated gene upon isoform
II-knockdown in CAL 27 (Figure 4A(@). Furthermore, both mRNA and protein expression levels of
PRDX2 were reduced in CAL 27 and SCC-9 cells with isoform II-knockdown (Figure 4BZ and C(®).
Consistently, tumors formed by CAL 27 cells with isoform II-knockdown also showed a
significantly reduced expression of PRDX2 compared with the control (Figure 4D @). Isoform II
overexpression increased PRDX2 mRNA and protein expression (Figure 4E and F 2). Whereas,
isoform I overexpression has no significant effect on PRDX2 expression (Figure 4E 2 and F®).
These results indicated that PRDX2 was a target of RUNX2 isoform II. One of the important
characteristics of ferroptosis is the imbalance in iron homeostasis, and iron transporter
transferrin receptor (TFRC) has an important role in maintaining iron homeostasis. We found that
RUNX2 isoform II-knockdown in OSCC cells had no obvious effect on the expression of TFRC
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Figure 2.

RUNX2 isoform IL is required for the proliferation in vitro and tumorigenesis in vivo. (A) CAL 27 or SCC-9 cells were stably
transfected by isoform II-expression, isoform I-expression or vector control lentivirus. CAL 27 cells were seeded into 24-well
plates at day 0 and counted on day 1, 2 and 3. SCC-9 cells were seeded into 24-well plates at day 0 and counted on day 2 and
4. Data are means * SD, n = 3. (B) Overexpression of RUNX2 isoform II or isoform I was confirmed by Western blot. Actin
served as a loading control. (C) Proliferation curves of CAL 27 and SCC-9 cells treated with anti-isoform II siRNAs (si-II-1 or si-
11-2) or negative control siRNA (NC). Data are means + SD, n = 3. (D) Knockdown efficiency of isoform II was analyzed by RT-
PCR. GAPDH served as a loading control. (E) Effects of isoform II-knockdown on the clonogenic ability in CAL 27 and SCC-9.
The histograms on the right summarized the numbers of colonies (at least 50 cells/colony). Data are means + SD, n = 3. (F)
CAL 27 and SCC-9 cells were treated with si-II-1, si-II-2 or NC siRNA. The cellular apoptosis was analyzed by flow cytometry.
The histograms on the right summarized the cellular apoptosis. Data are means + SD, n = 4 for CAL 27, n = 3 for SCC-9. (G-I)
CAL 27 cells with stable isoform II shRNA (shisoform II) or nonspecific ShRNA (shNC) were injected into both sides of the
dorsum of BALB/c nude mice. (G, H) Tumors were dissected out and weighed on day 21. (I) Tumor volumes were measured
on different days. (J) Knockdown efficiency of isoform II was analyzed by RT-PCR. 18S rRNA served as a loading control. * P <
0.05, ** P <0.01, *** P < 0.001.
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Figure 3.

RUNX2 isoform II suppresses ferroptosis. (A, B) CAL 27 and SCC-9 cells were treated with anti-isoform II siRNAs (si-II-1 and si-
11-2) or negative control siRNA (NC). (A) The levels of total ROS were detected with DCFH-DA using flow cytometry. The
histograms below summarized the levels of mean fluorescent intensity (MFI). Data are means + SD, n = 4. (B) The lipid
peroxidation of cells was analyzed with C11 BODIPY 581/591 reagent using flow cytometry. The histograms below
summarized the levels of MFL. Data are means + SD, n = 4 for CAL 27, n = 3 for SCC-9. (C, D) CAL 27 or SCC-9 cells were stably
transfected by isoform II-expression or vector control lentivirus. The levels of ROS (C) or lipid peroxidation (D) were detected
by flow cytometry. The histograms below summarized the levels of MFI. Data are means + SD, n = 4. (E) Transmission electron
microscopy images of CAL 27 cells transfected with si-II-1, si-II-2 or NC. RSL3 (a ferroptosis activator) served as a positive
control. (F) CAL 27 cells transfected with anti-isoform II siRNAs were also treated with ferrostatin-1 (Fer-1, 10 pM), a
ferroptosis inhibitor. Negative control siRNA and DMSO were used as controls. Cells were divided into six groups: NC+DMSO,
si-II-1+DMSO, si-II-2+DMSO, NC+Fer-1, si-II-1+Fer-1 and si-II-2+Fer-1. To display clear diagrams, the proliferation curves of si-
1I-1-treated cells or si-II-2-treated cells were shown separately. Data are means + SD, n = 3. (G) CAL 27 cells transfected with
anti-isoform II siRNAs were also treated with Z-VAD (20 pM, an apoptosis inhibitor) or necrostatin-1 (Nec-1, 20 uM, a
necroptosis inhibitor). Negative control siRNA and DMSO were used as controls. Cells were divided into nine groups:
NC+DMSO, si-1I-1+DMSO, si-1I-2+DMSO, NC+Z-VAD, si-II-1+Z-VAD, si-II-2+Z-VAD, NC+Nec-1, si-II-1+Nec-1, si-II-2+Nec-1. To
display clear diagrams, the proliferation curves of si-II-1-transfected cells or si-II-2-transfected cells were shown separately.
Data are means + SD, n = 3. (H, I) The total ROS levels (H) or lipid peroxidation (I) of cells simultaneously transfected with anti-
isoform II siRNAs or NC and treated with Fer-1 or DMSO were detected with DCFH-DA (H) or BODIPY 581/591 reagent (I) by
flow cytometry. The histogram on the right summarized the levels of MFI. Data are means + SD, n = 3. (J, K) The total ROS
levels (J) or lipid peroxidation (K) of isoform II-overexpressed cells treated with RSL3 (2 uM, a ferroptosis activator) or DMSO
were detected with DCFH-DA (J) or BODIPY 581/591 reagent (K) by flow cytometry. The histogram on the right summarized
the levels of MFI. Data are means + SD, n =4 for ], n = 5 for K. (L) Representative images of immunohistochemical staining of
4-HNE in tumors with or without isoform II-knockdown (shisoform II vs shNC) in Figure 2G . The histogram below
summarized the H score of 4-HNE staining in tumors. * P < 0.05, ** P <0.01, *** P <0.001.
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(Figure 4-figure supplement 1A and B). And the expression level and localization of TFRC did not
change in the tumors formed by CAL 27 with or without isoform II-knockdown (Figure 4-figure
supplement 1C). These results indicated that RUNX2 isoform II might not regulate the cellular
transport of iron.

To explore the regulatory mechanisms of how RUNX2 isoform II promotes PRDX2 expression, we
applied the JASPAR to predict possible binding sites of RUNX2 on the PRDX2 promoter. We
analyzed 0-2440 bp upstream regions of the PRDX2 transcription start site and found 6 potential
binding sites for RUNX2 on the PRDX2 promoter (Figure 4G ©). Chromatin immunoprecipitation
and quantitative PCR (ChIP-gPCR) assay showed that RUNX2 isoform II could specifically bind to
the PRDX2 promoter (Figure 4H @ and I@) and the amplified region is the base represented by
the red box (Figure 4G(2). These results suggested that isoform II could bind to the PRDX2
promoter and transactivate PRDX2 expression.

To further verify whether PRDX2 mediated the effect of isoform II on ferroptosis, we stably
overexpressed FLAG-tagged PRDX2 in CAL 27 cells. We found that overexpression of PRDX2 could
partially reduce the elevated cellular ROS levels (Figure 4) @) and lipid peroxidation levels (Figure
4K@) induced by isoform II-knockdown in CAL 27 (Figure 4L and M (?). These data indicated that
isoform II suppressed ferroptosis through activating PRDX2 expression.

HOXA10 is required for RUNX2 isoform II

expression and cell proliferation in OSCC

Next, we tried to understand the molecular mechanism of RUNX2 isoform II overexpression in
OSCC cells. HOXA10 is an oncogenic transcription factor (L. M. Guo et al., 2018%; Song et al.,
2019%). Mouse Hoxa10 has been reported to bind to Runx2 P1 promoter and then activate Runx2
isoform II expression in mouse cells (Hassan et al., 2007 @). Therefore, we speculated that RUNX2
isoform II overexpression in OSCC may be also caused by HOXA10. Indeed, HOXA10 knockdown
significantly reduced isoform II expression in both CAL 27 and SCC-9 cells (Figure 5A %), whereas
isoform I expression was not significantly affected (Figure 5-figure supplement 1A). In line with
the function of isoform II in OSCC cells, HOXA10 knockdown also significantly suppressed cell
proliferation and colony formation (Figure 5B (% and C®), and increased cellular apoptosis
(Figure 5D @). The expression levels of HOXA10 in TCGA OSCC patients were also significantly
higher than those in normal controls (Figure 5-figure supplement 1B). Consistently, the expression
levels of isoform II were positively correlated with HOXA10 expression levels in TCGA OSCC
patients (Figure 5E@). These results suggested that HOXA10 can promote RUNX2 isoform II
expression.

HOXA10 inhibits ferroptosis through RUNX2 isoform II

Since RUNX2 isoform II was a ferroptosis suppressor, we speculated that HOXA10 could act as a
ferroptosis inhibitor through upregulating the expression of isoform II. We found that the
expression levels of PRDX2 mRNA and protein significantly decreased in parallel with the
reduction in isoform II expression caused by HOXA10 knockdown (Figure 6A % and B®).
Importantly, HOXA10 knockdown increased cellular ROS production (Figure 6C %) and lipid
peroxidation (Figure 6D (%) in CAL 27 and SCC-9 cells. Moreover, Fer-1, a ferroptosis inhibitor,
could partially rescue the retarded cell proliferation caused by HOXA10 knockdown (Figure 6E %
and Figure 6-figure supplement 1A). We also found that Z-VAD (an apoptosis inhibitor) (Figure

6F @ and Figure 6-figure supplement 1B), Nec-1 (a necroptosis inhibitor) (Figure 6F % and Figure
6-figure supplement 1B) could partially rescue the reduction of cell proliferation, and Z-VAD could
also partially rescue the elevated apoptosis induced by HOXA10 knockdown (Figure 6-figure
supplement 2). Fer-1 could partially decrease the cellular ROS levels (Figure 6G %) and lipid
peroxidation (Figure 6H (%) caused by HOX10-knockdown. Stable overexpression of isoform II
could partially rescue the retarded cell proliferation caused by HOXA10 knockdown (Figure 7A®),
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Figure 4.

RUNX2 isoform II promotes the expression of PRDX2. (A) Screening analysis of the expression of enzymatic antioxidant genes
upon isoform II-knockdown (si-II-1 and si-II-2) in CAL 27 cells via RT-PCR. (B, C) Effects of RUNX2 isoform II-knockdown on
PRDX2 expression levels were analyzed by RT-PCR (B) or Western blot (C) in CAL 27 or SCC-9. 18S rRNA (B) or actin (C) served
as loading controls. Data are means + SD, n = 3. (D) Representative images of immunohistochemical staining of PRDX2 in
tumors with or without isoform II-knockdown (shisoform II vs shNC) in Figure 2G . The histogram below summarized the
expression levels of PRDX2 in tumors. (E, F) Effects of RUNX2 isoform II or isoform I overexpression on PRDX2 expression
levels were analyzed by RT-PCR (E) or Western blot (F) in CAL 27 or SCC-9. 18S rRNA (E) or actin (F) served as loading controls.
Data are means + SD, n =6 or 3 for CAL 27, n = 3 for SCC-9. (G) RUNX2 binding motifs on PRDX2 promoter were obtained from
JASPAR. (H) Chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) assay was performed in CAL 27 with or
without FLAG-tagged RUNX2 isoform II overexpression (isoform II vs vector) by using anti-FLAG or control IgG antibody. Data
are means = SD, n = 3. (I) The immunoprecipitated protein levels of FLAG-tagged RUNX2 isoform II in the ChIP assays were
determined by Western blot. (J-M) CAL 27 cells were co-transfected with PRDX2-expression, empty control lentivirus, and anti-
isoform II siRNA (si-II), negative control siRNA (NC). Transfected cells were divided into four groups: Vector+NC, Vector+si-II,
PRDX2+NC and PRDX2+si-11. (J, K) The total ROS levels (J) or lipid peroxidation (K) of transfected cells were detected with
DCFH-DA (J) or BODIPY 581/591 reagent (K) by flow cytometry. The histograms below summarized the levels of MFIL. Data are
means + SD, n = 3. (L) Overexpression of PRDX2 was confirmed by Western blot. Actin served as a loading control. (M)
Knockdown efficiency of isoform II was analyzed by RT-PCR. 18S rRNA served as a loading control. * P < 0.05, ** P < 0.01, ***
P <0.001.
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HOXA10 is required for RUNX2 isoform II expression and cell proliferation in OSCC. (A) Effects of HOXA10 knockdown (siHOX-
1 and siHOX-2) on isoform II expression levels were analyzed by RT-PCR in CAL 27 or SCC-9. 18S rRNA served as a loading
control. Data are means + SD, n = 3. (B-D) CAL 27 or SCC-9 cells were treated with siHOX-1, siHOX-2 or NC siRNA. (B)
Proliferation curves of CAL 27 or SCC-9 cells treated with HOXA10 siRNAs or NC siRNA. Data are means + SD, n = 3. (C) Effects
of HOXA10 knockdown on the clonogenic ability in CAL 27 and SCC-9. The histograms on the right summarized the numbers
of colonies (at least 50 cells/colony). Data are means + SD, n = 3. (D) The cellular apoptosis was analyzed by flow cytometry.

The histograms on the right summarized the cellular apoptosis. Data are means + SD, n =4 for CAL 27, n = 3 for SCC-9. (E) The

expression of HOXA10 in TCGA OSCC patients (288 cases) is positively correlated with RUNX2 exon 1.1 (isoform II) PSI
(Spearman’s rank correlation coefficient, r=0.21, P < 0.001). * P < 0.05, ** P < 0.01, *** P < 0.001.
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The increased cellular apoptosis (Figure 7B %), ROS production levels (Figure 7C %) and lipid
peroxidation levels (Figure 7D (?) caused by HOXA10 knockdown were also reduced in these OSCC
cells (Figure 7-figure supplement 1A and B). Collectively, these results demonstrated that HOXA10
is required for OSCC cancer cell proliferation by increasing RUNX2 isoform II expression and
decreasing ferroptosis.

In addition, isoform II overexpression could partially rescue the expression of PRDX2 in both
mRNA and protein levels in OSCC cells treated with anti-HOXA10 siRNA (Figure 7E and F(@). In
addition, we also found that PRDX2 overexpression could partially decrease the cellular ROS levels
(Figure 7G @) and lipid peroxidation levels (Figure 7H @) induced by HOXA10 knockdown (Figure
7-figure supplement 1C and D). These data showed that HOXA10 knockdown promoted the
ferroptosis in OSCC cells, partially through PRDX2, a downstream target of isoform II.

3. Discussion

Ferroptosis is a new form of programmed cell death and is caused by massive lipid peroxidation-
mediated membrane damage (Stockwell et al., 2017 %). Emerging evidence has proved that
ferroptosis contributes to the suppression of tumor progression. p53 could suppress the
transcription of amino acid antiporter solute carrier family 7 member 11 (SLCA711) to sensitize
cells to ferroptosis, which may contribute to the anti-tumor role of p53 (Jiang et al., 2015 ).
Tumor inhibition by BRCAl-associated protein 1 (BAP1) could be achieved in part by inhibiting
SLC7A11 and thereby promoting ferroptosis (Zhang et al., 2018 ). In HNSCC, Inhibition of xCT

could suppress cell proliferation by inducing ferroptosis (M. Li et al., 2022 ). In addition,

tudy, we discovered a novel ferroptosis suppressor, RUNX2 isoform II, in OSCC. Isoform II
overexpression or knockdown inhibited or promoted OSCC cell ferroptosis by decreasing or
increasing total ROS levels and lipid peroxidation, respectively. One of the characteristics of
ferroptosis is elevated cellular ROS levels, thus ferroptosis can be modulated by antioxidants
(Tang, Chen, Kang, & Kroemer, 2021 ). For example, peroxiredoxin-6 (PRDX6) is a negative
regulator of ferroptosis (B. Lu et al., 2019(2). In this study, we identified a new target gene for

isoform II, the ferroptosis suppressor PRDX2. PRDX2 is a typical 2-Cys antioxidant enzyme
belonging to the peroxiredoxin family and plays an important role in scavenging ROS levels (De

overexpression or knockdown promoted or suppressed PRDX2 expression, respectively. Moreover,
isoform II could specifically bind to the promoter of PRDX2 and then transactivate the PRDX2
expression, thereby inhibiting OSCC cell ferroptosis.

In this study, we also found that RUNX2 isoform II was overexpressed in OSCC tissues and was
associated with tumor progression and poor prognosis. In the past years, it has been reported that
RUNX2 was overexpressed in tumors (Akech et al., 20102 ; Z. Guo et al., 2021 2; Hong et al.,
2020(%). Chang et al. demonstrated that RUNX2 was overexpressed in HNSCC samples (W. M.

example, isoform I is the major variant in papillary thyroid carcinomas (Sancisi et al., 2012 @), and
isoform II is highly expressed in non-small cell lung cancer (Herreno et al., 2019 ). However, the
expression levels of isoforms in OSCC are unknown. Surprisingly, our results showed that there
was no statistically significant difference in expression levels of total RUNX2 between OSCC
patients and normal controls from the TCGA database. Interestingly, we discovered that the
expression levels of isoform I were lower in TCGA OSCC patients than in normal tissues, while the
expression levels of isoform II were overexpressed in TCGA OSCC tissues. Furthermore, we proved
with clinical samples that the relative expression levels of isoform II were higher in OSCC tissues
than those in normal tissues.
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Figure 6.

HOXA10 promotes the expression of PRDX2 and inhibits ferroptosis in OSCC. (A, B) Effects of HOXA10 knockdown (siHOX-1
and siHOX-2) on PRDX2 expression levels were analyzed by RT-PCR (A) or Western blot (B) in CAL 27 or SCC-9. 18S rRNA (A) or
actin (B) served as loading controls. Data are means + SD, n = 4 or 3 for CAL 27, n = 3 for SCC-9. (C, D) Effects of HOXA10
knockdown on ROS levels (C) or lipid peroxidation (D) were detected with DCFH-DA (C) or BODIPY 581/591 reagent (D) by flow
cytometry in CAL 27 or SCC-9. The histograms below summarized the levels of MFI. Data are means + SD, n = 4 for CAL 27, n =
3 or 4 for SCC-9. (E) CAL 27 cells transfected with anti-HOXA10 siRNAs were also treated with Fer-1 (10 pM), a ferroptosis
inhibitor. Negative control siRNA and DMSO were used as controls. Cells were divided into six groups: NC+DMSO, siHOX-
1+DMSO, siHOX-2+DMSO, NC+Fer-1, siHOX-1+Fer-1 and siHOX-2+Fer-1. To display clear diagrams, the proliferation curves of
siHOX-1-treated cells or siHOX-2-treated cells were shown separately. Data are means + SD, n = 3. (F) CAL 27 cells transfected
with anti-HOXA10 siRNAs were also treated with Z-VAD (20 uM, an apoptosis inhibitor) or Nec-1 (20 pM, a necroptosis
inhibitor). Negative control siRNA and DMSO were used as controls. Cells were divided into nine groups: NC+DMSO, siHOX-
1+DMSO, siHOX-2+DMSO, NC+Z-VAD, siHOX-1+Z-VAD, siHOX-2+Z-VAD, NC+Nec-1, siHOX-1+Nec-1, siHOX-2+Nec-1. To display
clear diagrams, the proliferation curves of siHOX-1-transfected cells or siHOX-2-transfected cells were shown separately. Data
are means = SD, n = 3. (G, H) The total ROS levels (H) or lipid peroxidation (I) of cells simultaneously transfected with anti-
HOXA10 siRNAs or NC and treated with Fer-1 or DMSO were detected with DCFH-DA (G) or BODIPY 581/591 reagent (H) by
flow cytometry. The histogram on the right summarized the levels of MFI. Data are means + SD, n = 3 for G, n=4 for H. * P <
0.05, ** P <0.01, *** P < 0.001.
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Figure 7.

Ferroptosis induced by HOXA10-knockdown can be rescued by isoform II overexpression and PRDX2 overexpression. (A-F)
CAL 27 cells were co-transfected with isoform II-expression lentivirus, empty control lentivirus, and HOXA10 siRNA (siHOX),
negative control siRNA (NC). Transfected cells were divided into four groups: Vector+NC, Vector+siHOX, Isoform II+NC and
Isoform II+siHOX. (A) Cell number was counted on day 2 and day 4. Data are means + SD, n = 5. (B) The cellular apoptosis of
transfected cells was analyzed by flow cytometry. The histogram on the right summarized the cell apoptosis. Data are means
+SD, n=4. (C, D) The total ROS levels (C) or lipid peroxidation (D) of transfected cells were detected with DCFH-DA (C) or
BODIPY 581/591 reagent (D) by flow cytometry. The histograms below summarized the levels of MFIL. Data are means + SD, n
=4 or 3. (E, F) Effect of HOXA10-knockdown in isoform II-overexpressed cells on PRDX2 expression levels was analyzed by RT-
PCR (E) or Western blot (F). 18S rRNA (E) or actin (F) served as loading controls. Data are means + SD, n =3 or 4. (G, H) CAL 27
cells were co-transfected with PRDX2-expression lentivirus, empty control lentivirus, and siHOX, NC. Transfected cells were
divided into four groups: Vector+NC, Vector+siHOX, PRDX2+NC and PRDX2+siHOX. The total ROS levels (G) or lipid
peroxidation (H) of transfected cells were detected with DCFH-DA (G) or BODIPY 581/591 reagent (H) by flow cytometry. The
histograms on the right summarized the levels of MFI. Data are means + SD, n = 3. (I) The model of a new ferroptosis-related
pathway-HOXA10/RUNX2 isoform II/PRDX2 in this study. * P < 0.05, ** P <0.01, *** P < 0.001.
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Next, we uncovered the underlying mechanisms of RUNX2 isoform II to improve proliferation in
OSCC cell lines. In the past, it has been reported that overexpression or knockdown of total RUNX2

could promote or suppress OSCC cell proliferation, respectively. In addition, we also demonstrated
that isoform II was required for in vivo OSCC tumorigenesis.

Subsequently, we discovered that HOXA10 knockdown inhibited the expression of RUNX2 isoform
IT and led to ferroptosis. HOXA10, a transcription factor, plays an important role in tumor
progression (J. Li et al., 2022 3; Song et al., 2019 ). HOXA10 was reported to transactivate Runx2
P1 promoter (Hassan et al., 2007 @). Similarly, we found that the relative expression levels of
HOXA10 were positively associated with the expression levels of isoform II in OSCC patients from
TCGA and HOXA10 knockdown led to the downregulation of isoform II in OSCC cells. It has been
demonstrated that HOXA10 knockdown suppressed cell proliferation and enhanced apoptosis in
Fadu cells (L. M. Guo et al., 2018 ). We found that HOXA10 knockdown inhibited cell proliferation
and promoted cellular apoptosis in CAL 27 and SCC-9. Interestingly, we discovered that HOXA10
knockdown induced ferroptosis through suppressing RUNX2 isoform II and PRDX2 expression,
which suggested a new regulatory pathway of anti-ferroptosis.

In summary, we identified RUNX2 isoform II as a novel ferroptosis inhibitor in OSCC cells by
transactivating PRDX2 expression. RUNX2 isoform II plays oncogenic roles in OSCC. Moreover, we
also found that HOXA10 is an upstream regulator of RUNX2 isoform II and is required for
suppressing ferroptosis through RUNX2 isoform II and PRDX2. Our results suggest a new
regulatory mechanism of ferroptosis through HOXA10/RUNX2 isoform II/PRDX2 pathway (Figure
712) and may provide the novel diagnostic markers and therapeutic targets for OSCC.

4. Materials and Methods

Human tissues

The human OSCC tissues and adjacent normal tissues were collected from the Hospital of
Stomatology in Wuhan University. The research was approved by the Ethics Committee at the
Hospital of Stomatology in Wuhan University (2023-B03) and the study methodologies conformed
with standards of the Declaration of Helsinki. Informed consents were obtained from all
participants. Eleven patients diagnosed with OSCC were used in this study. All histologic diagnoses
were performed by the Department of Pathology of the Hospital of Stomatology. The
characteristics of the eleven OSCC patients were summarized in Table S1.

Nude mice xenograft tumor formation assay

BALB/c nude mice (female, 5-6 weeks) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd (Vital River, Beijing, China). Animal experiments comply with the ARRIVE
guidelines and were performed with the approval of the institutional Animal Ethics Committee,
Hospital of Stomatology, Wuhan University (507922110B).

CAL 27 cells stably transfected with short hairpin RNA (shRNA) against RUNX2 isoform II
(shisoform II) or nonspecific shRNA (shNC) through lentivirus were injected subcutaneously into
both sides of the dorsum of nude mice (3.5 x 10° cells per injection side, 5 mice per group). Tumor
sizes were monitored every 3 days. Tumor volume was calculated as Length x Width? x 0.52.
Tumor weights were acquired after the mice were sacrificed on day 21.
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Cell culture

CAL 27 and SCC-9 cells were obtained as previously reported (S. Yang, Jia, & Bian, 2018 (2). HEK
293T cells were obtained from Procell Life Science (Procell, Wuhan, China). CAL 27 and HEK 293T
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone, Marlborough, MA,
USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA) and 1%
antibiotic-antimycotic (Gibco). SCC-9 was cultured in DMEM/F12 medium (Hyclone) with 10% FBS,
1% antibiotic-antimycotic and 400 ng/mL hydrocortisone (Sangon Biotech, Shanghai, China). All
cells were incubated at 37°C in 5% CO, humidified air.

Plasmids and transfection

The gene fragments of human RUNX2 isoform II and isoform I were amplified from CAL 27 cDNA
by using the primers 5° ATGGCATCAAACAGCCTCTTC 3’ and 5° ATATGGTCGCCAAACAGATTCATC 3, 5
ATGCGTATTCCCGTAGATCCG 3’ and 5 ATATGGTCGCCAAACAGATTCATC 3’, respectively. And then
the PCR products were cloned into p3XFLAG-CMV-14 at BamHI and EcoRV sites. The respective
FLAG-fusion fragments were then cloned into pLVX-IRES-puro vector at EcoRI and Spel sites to
obtain the recombinant expression plasmids isoform II or isoform I.

The gene fragment of human PRDX2 was amplified from CAL 27 cDNA by using the primers 5’
ATCGTCCGTGCGTCTAGCCTT 3’ and 5" ATTGTGTTTGGAGAAATATTCCTTGCT 3’. And the PCR product
was re-amplified by 5 TTCCGGAATTCGCCACCATGGCCTCCGGTAA 3’ and 5
TTCGCGCGGCCGCCTACTTGTCATCGTCATCCTTGTAGTCGATGTCATGATC
TTTATAATCACCGTCATGGTCTTTGTAGTCTTTTGCCGCAGCTTC 3’ to obtain PRDX2-FLAG fusing
fragment, and then was cloned into pLVX-IRES-puro vector at EcoRI and NotI to obtain the
recombinant expression plasmid PRDX2.

HEK-293T cells were co-transfected with 2 ug lentiviral backbone plasmids (isoform II, isoform I,
PRDX2 or control vector, pLVX-IRES-puro) and the packaging plasmids psPAX2 and pMD2.G at a
ratio 4:3:1 in the presence of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The supernatants
containing lentiviral particles were collected 48 hours after transfection. OSCC cell lines were then
transfected with lentiviral supernatants in the presence of polybrene (Santa Cruz, Dallas, TX, USA).

TCGA datasets

We downloaded the data of total RUNX2 and HOXA10 expression levels, and the clinical data in
patients with OSCC of TCGA HNSCC dataset from the online program TSVdb (http://www.tsvdb
.com@). Then, we re-analyzed the expression levels of total RUNX2 and HOXA10 between OSCC
patients and normal controls (309 OSCC cases and 32 normal cases). The percent-splice-in (PSI)
value data representing the expression levels of exon 1.1 (isoform II) or exon 2.1 (isoform I) of
OSCC (288 OSCC cases and 27 normal cases with PSI values) and other carcinomas were obtained
from the online program TCGA SpliceSeq (https://bioinformatics.mdanderson.org/TCGA/SpliceSeq &).

RNA extraction and reverse transcription

polymerase chain reaction (RT-PCR)

Total RNA was purified using the AxyPrep multisource total RNA miniprep Kit (Axygen, Union City,
CA, USA) according to the manufacturer’s protocol. Total RNA was treated with DNase I (Thermo
Fisher Scientific, Carlsbad, CA, USA) to remove genomic DNA contamination and then was
reversely transcribed by using the Maxima H Minus cDNA Synthesis Master Mix (Thermo Fisher
Scientific) in accordance with the manufacturer’s protocol. The cDNA was subject to PCR
amplification using Green Taq Mix (Vazyme, Nanjing, China) with different primers. The primer
sequences are listed in Table S2.
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RNA interference and transfection

The short interfering RNAs (siRNAs) against human RUNX2 isoform II were synthesized by Sangon
Biotech. The sequences are as follows: 5> GCUUCAUUCGCCUCACAAACA 3’ (si-II-1) and 5’
GGUUAAUCUCCGCAGGUCACU 3’ (si-II-2). The siRNAs, synthesized by GenePharma (Suzhou, China),
were used to knock down human HOXA10 (siHOX-1 and siHOX-2). The sequences of siHOX-1 and
siHOX-2 are 5> GAGUUUCUGUUCAAUAUGUACCUUA 3’ and 5 CCGGGAGCUCACAGCCAACUUUAAU 3,
respectively. Cells were transfected with 20 nM siRNAs in the presence of Lipofectamine 3000
(Invitrogen) according to the manufacturer’s protocol. After 48 h, cells were transfected again.

The short hairpin RNA (shRNA) against RUNX2 isoform II (shisoform II) plasmid and non-specific
shRNA (shNC) plasmid were provided by Vector Builder Inc (Vector Builder, Guangzhou, China).
The target sequence of shisoform II is GGTTAATCTCCGCAGGTCACT. The plasmids shisoform II or
shNC were co-transfected with psPAX2 and pMD2.G into HEK 293T cells to produce supernatants
containing lentiviruses. Then the supernatants containing lentiviral particles were collected 48
hours after transfection to transfect CAL 27 OSCC cell line in the presence of polybrene.

Immunohistochemistry (IHC)

The mouse tumor tissues or human OSCC tissues were fixed in 4% paraformaldehyde (Servicebio,
Wuhan, China), and embedded in paraffin, then sectioned in 4 um. The staining of PRDX2, TFRC or
4-HNE was detected by using a Dako EnVision FLEX kit (Dako, Glostrup, Denmark) according to the
manufacturer’s instructions. Briefly, the sections were subjected to antigen retrieval in Target
Retrieval Solution (Dako). Endogenous peroxidase was blocked with Peroxidase-Blocking Reagent
(Dako). Then, the sections were incubated with primary antibody (PRDX2, TFRC or 4-HNE) at 4°C
overnight and followed by incubation with secondary antibody FLEX/HRP (Dako) at room
temperature for 30 min. Staining was developed by diaminobenzidine (DAB) substrate (Dako). The
stained sections were scanned by Pannoramic MIDI (3D HISRECH). The concentration of PRDX2
(Proteintech, Wuhan, China, #10545-2-AP), 4-HNE (Abcam, Cambridge, UK, ab48506) or TFRC
(Abcam, ab214039) used in this study was 1:1000, 1:600 or 1:500, respectively.

Chromatin immunoprecipitation

and quantitative PCR (ChIP & qPCR)

ChIP was performed in CAL 27 cells stably transfected by FLAG-tagged RUNX2 isoform II or vector
(pLVX-IRES-puro) using ABclonal Sonication Chip Kit (ABclonal, Wuhan, China) according to the
manufacturer’s protocol. In brief, cells in 10-cm culture dishes were crosslinked with 1%
formaldehyde and the reaction was terminated by glycine. Cells were lysed, and samples were
then sonicated to disrupt the nuclear membrane. After centrifugation, the supernatants were
collected which contained the chromatin. Chromatin solutions were, respectively, incubated with
antibodies anti-FLAG (2 ug, Proteintech, #20543-1-AP) and anti-normal rabbit IgG (2 ug, ABclonal,
#RM20712). And then, they were rotated at 4°C for 6 hours, followed by incubation with ChIP-
grade protein A/G magnetic beads (ABclonal, #RM02915) at 4°C for 2 hours. After washing, the
cross-links were reversed at 65°C overnight, and DNA was purified (ABclonal, #RK30100) and then
used for ChIP-qPCR analysis. For the ChIP-qPCR experiments with a pair of primers for the PRDX2
promoter region as follow: 5> TACAGGTGTGAGCCAGCCACCAT 3’ (forward primer) and 5’
TGGCGGGCACCAAGGATGTTGT 3’ (reverse primer).

Western blot

Cells were lysed with 2 x SDS sample buffer, and then the total cellular protein was denatured for
3 min at 95°C. Total cellular proteins were separated in 4-12% YoungPAGE Bis-Tris gels (GenScript,
Nanjing, China) or 10% gels using One-Step PAGE Gel Fast Preparation Kit (Vazyme), transferred to
nitrocellulose membrane (Pall Corporation, USA), followed by the block with 5% (w/v) non-fat milk
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(Servicebio) for 1 h. Then the membranes were incubated with mouse RUNX2 antibody (1:500,
Santa Cruz, #sc-390351), rabbit FLAG antibody (1:2000, Proteintech, #20543-1-AP), rabbit PRDX2
antibody (1:2000, Proteintech, #10545-2-AP) and mouse actin antibody (1:5000, Proteintech,
#66009-1-1g).

Cell counting and colony formation assay

Cell counting was performed by the trypan blue exclusion method using 0.4% trypan blue solution
(Biosharp, Hefei, China). One thousand CAL 27 or SCC-9 cells were seeded into 6-well plates and
cultured in complete medium for 11 days at 37°C. Then, cells were fixed with 4%
paraformaldehyde and stained with crystal violet (Servicebio). The number of colonies (at least 50
cells/colony) was counted.

Apoptosis assay

Cell apoptosis was analyzed using the Annexin V-FITC/PI apoptosis assay kit (KeyGEN BioTECH,

Nanjing, China, #KGA108). Briefly, the cells were collected in 200 yL binding buffer with 2 yL of
Annexin V-FITC and 2 pL PI, and incubated for 20 min under dark conditions. Cellular apoptosis
was evaluated using flow cytometry.

ROS detection

The total cellular ROS was detected using a ROS assay kit DCFH-DA (Beyotime, Shanghai, China,
#S0033S). DCFH-DA was diluted to a final concentration of 10 pM. Then, OSCC cell lines were
collected and suspended in diluted DCFH-DA in the dark at 37°C for 25 min and washed 3 times
with PBS. The samples were analyzed using flow cytometry.

Transmission electron microscopy (TEM)

Cells cultured in a 6-well plate were collected and fixed with a solution containing 2.5%
glutaraldehyde (Servicebio) for 2 hours in the dark at room temperature. Then the ultrathin
sections were made by Servicebio and visualized by using the JEM-1011 transmission electron
microscope (Hitachi, Japan).

Detection of lipid peroxidation

OSCC cells were collected and suspended in PBS containing 5 uM C11-BODIPY 581/591 (Thermo
Fisher Scientific, #D3861) in the dark at 37°C for 30 min and washed 3 times with PBS, and the
samples were analyzed using flow cytometry through the FITC channel.

Statistical analysis

The comparison of the mean values between three groups or more was performed using the one-
way ANOVA test in the GraphPad Prism software. The Mann-Whitney test was used to compare the
mean differences of RUNX2 exon 1.1 (isoform II) or exon 2.1 (isoform I) in COAD and PRAD from
TCGA, the mean difference of isoform II expression levels (isoform II/GAPDH) in our clinical
samples, the weight and volume of mouse tumors, the H score of 4-HNE staining of mouse tumors,
and the expression levels of HOXA10 in TCGA OSCC patients. All remaining two-group
comparisons of means were analyzed by Student’s t-test. Survival analysis was performed with a
log-rank test and survival curve was produced using the Kaplan-Meier method in the GraphPad
Prism software. The correlation of RUNX2 exon 1.1 (isoform II) was calculated with the Spearman
rank method. The quantification of RT-PCR was realized using image]J software. P < 0.05 was
considered statistically significant.
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Figure legends

Figure 1-figure supplement 1. RUNX2 isoform II is also overexpressed in some other carcinomas.
(A-D) The data valuing the expression levels of RUNX2 isoforms (indicated by percent-splice-in)
were obtained from TCGA SpliceSeq. The expression levels of RUNX2 exon 1.1 (isoform II) and
exon 2.1 (isoform I) were compared between normal (99 cases) and tumor tissues (1050 cases) in
BRCA (A) patients, normal (39 cases) and tumor tissues (241 cases) in COAD (B) patients, normal (50
cases) and tumor tissues (320 cases) in PRAD (C) patients, normal (31 cases) and tumor tissues (397
cases) in STAD (D). * P < 0.05, *** P < 0.001.

Figure 2-figure supplement 1. Overexpression of RUNX2 isoform II or isoform I did not affect
cellular apoptosis. The cellular apoptosis of CAL 27 or SCC-9 stably transfected by isoform II-
expression, isoform I-expression or vector control lentivirus was analyzed by flow cytometry. The
histograms on the right summarized the cellular apoptosis. Data are means + SD, n = 3.

Figure 3-figure supplement 1. Ferroptosis may be present in OSCC tissues. The images of
immunohistochemical staining of 4-HNE in OSCC tissues.
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Figure 3-figure supplement 2. Validation of RUNX2 isoform II-knockdown in Figure 3@ (A)
Knockdown efficiency of RUNX2 isoform II in ferrostatin-1 (Fer-1, a ferroptosis inhibitor) treated
cells was analyzed by RT-PCR. 18S rRNA served as a control. (B) Knockdown efficiency of RUNX2
isoform II (si-II-1 and si-II-2) in Z-VAD, (an apoptosis inhibitor) or necrostatin-1 (Nec-1, a
necroptosis inhibitor) treated cells was analyzed by RT-PCR. 18S rRNA served as a control.

Figure 3-figure supplement 3. The apoptosis inhibitor Z-VAD reduces the increased apoptosis
rates caused by isoform II-knockdown. The cellular apoptosis of CAL 27 simultaneously
transfected with siRNAs (anti-isoform II siRNAs or NC) and treated with Z-VAD or DMSO was
detected by flow cytometry. The histogram on the right summarized the cellular apoptosis. Data
are means + SD, n = 3. ** P < 0.01, *** P < 0.001.

Figure 3-figure supplement 4. OSCC cell lines are sensitive to RSL3 treatment. (A) The OSCC cells
(CAL 27 or SCC-9) were seeded into 24-well plates at day 0. Then, the cells were treated with RSL3
(2 uM, a ferroptosis activator) or DMSO 24 hours after plating. The cells were counted at 12 and 24
hours after RLS3 treatment. Data are means + SD, n = 4. (B, C) The total ROS levels (B) or lipid
peroxidation (C) of cells treated with RSL3 or DMSO were detected with DCFH-DA (B) or BODIPY
581/591 reagent (C) by flow cytometry. The histogram below summarized the levels of MFI. Data
are means + SD, n = 4. ** P < 0.01, *** P < 0.001.

Figure 4-figure supplement 1. RUNX2 isoform II has no effect on TFRC expression levels and
localization in OSCC cells. (A, B) Effects of isoform II-knockdown (si-II-1 and si-II-2) on the
expression levels of TFRC were analyzed by RT-PCR (A) or Western blot (B) in CAL 27 or SCC-9 cells.
18S rRNA (A) or actin (B) served as loading controls. (C) The representative images of
immunohistochemical staining of TFRC in tumors with or without isoform II-knockdown
(shisoform II vs shNC) in Figure 2G(%. The histogram on the right summarized the H score of TFRC
staining. Data are means + SD, n = 4.

Figure 5-figure supplement 1. HOXA10 does not affect the expression of isoform I. (A) Effects of
HOXA10 knockdown (siHOX-1 and siHOX-2) on the isoform I expression in CAL 27 or SCC-9 were
analyzed by RT-PCR. 18S rRNA served as a loading control. Data are means + SD, n = 3. (B) The
expression levels of HOXA10 in normal tissues (32 cases) or in OSCC tissues (309 cases) from TCGA.
**% P <0.001.

Figure 6-figure supplement 1. Validation of HOXA10 knockdown in Figure 6. (A) Knockdown
efficiency of HOXA10 in Fer-1 (a ferroptosis inhibitor) treated cells was analyzed by RT-PCR. 18S
rRNA served as a control. (B) Knockdown efficiency of HOXA10 (siHOX-1 and siHOX-2) in Z-VAD,
(an apoptosis inhibitor) or Nec-1(a necroptosis inhibitor) treated cells was analyzed by RT-PCR. 18S
rRNA served as a control.

Figure 6-figure supplement 2. The increased apoptosis rates caused by HOXA10 knockdown
could be rescued by apoptosis inhibitor Z-VAD. The cellular apoptosis of CAL 27 simultaneously
transfected with anti-HOXA10 siRNAs or NC and treated with Z-VAD or DMSO were detected by
flow cytometry. The histogram on the right summarized he cellular apoptosis. Data are means =+
SD, n = 3. *** P < 0.001.

Figure 7-figure supplement 1. Validation of expression levels of HOXA10, RUNX2 isoform II and
PRDX2 in Figure 7. (A) Knockdown efficiency of HOXA10 (anti-HOXA10 siRNA, siHOX) was
analyzed by RT-PCR in isoform II-overexpressing CAL 27 cells. 18S rRNA served as a loading
control. (B) Overexpression of RUNX2 isoform II was confirmed by Western blot. Actin served as a
loading control. (C) Knockdown efficiency of HOXA10 was analyzed by RT-PCR in PRDX2-
overexpressing CAL 27 cells. 18S rRNA served as a loading control. (D) Overexpression of PRDX2
was confirmed by Western blot. Actin served as a loading control.
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Reviewer #1 (Public Review):

Summary:

In this paper, authors investigated the role of RUNT-related transcription factor 2 (RUNX2) in
oral squamous carcinoma (OSCC) growth and resistance to ferroptosis. They found that
RUNX2 suppresses ferroptosis through transcriptional regulation of peroxiredoxin-2. They
further explored the upstream positive regulator of RUNX2, HOXA10 and found that
HOXA10/RUNX2/PRDX2 axis protects OSCC from ferroptosis.

Strengths:
The study is well designed and provides a novel mechanism of HOXA10/RUNX2/PRDX2
control of ferroptosis in OSCC.

Weaknesses:

According to the data presented in (Figure 2F, Figure 3Fand G, Figure 5D and Figure 6E and
F), apoptosis seems to be affected in the same amount as ferroptosis by
HOXA10/RUNX2/PRDX2 axis, which raises questions on the authors' specific focus on
ferroptosis in this study. Reasonably, authors should adapt the title and the abstract in a way
that recapitulates the whole data, which is HOXA10/RUNX2/PRDX2 axis control of cell death,
including ferroptosis and apoptosis in OSCC.

Comments:

- In the description of the result section related to Figure 3E, the author wrote "In addition,
we found that isoform II-knockdown induced shrunken mitochondria with vanished cristae
with transmission electron microscopy (Figure 3E). These results suggest that RUNX2 isoform
IT may suppress ferroptosis." The interpretation provided here is not clear to the reviewer.
How shrunken mitochondria and vanished cristae can be linked to ferroptosis?

- The electron microscopy images show more elongated mitochondria in the RUNX2 isoform
II-KO cells than in RUNX2 isoform II positive cells, which might result from the fusion of
mitochondria. These images should completed with a fluorescent mitochondria staining of
these cells.

- What is the oxygen consumption rate in RUNX2 KO cells?

- The increase in cell proliferation after RUNX2 overexpression in Figure 2A is not convincing,
is there any differences in their migration or invasion capacity?

- The in vivo study shows 50% reduction in primary tumor growth after RUNX2 inhibition by
shRNA in CAL 27 xenografts, but only one shRNA is shown. Is this one shRNA clone? At least 2
ShRNA clones should be used.

- Apoptosis and necroptosis seem to be affected in the same amount as ferroptosis by
HOXA10/RUNX2/PRDX2 axis. This is evident from experiments in Figure 3E, F and from
Figure 6E, F and Figure 3G. Either Fer-1, Z-VAD,or Nec-1 used alone, were not able to fully
restore cell proliferation to control cell level, which implies an additive effect of ferroptosis,
apoptosis and necrosis. The author should verify potential additive or synergistic effect of the
combination of Fer-1 and Z-VAD in these assays after si-RUNX2 in Figure 3 F and G and after

Junjun Huang et al., 2024 eLife. https://doi.org/10.7554/eLife.99122.1 30 of 31


https://doi.org/10.7554/eLife.99122.1

7 eLife

si-HOX assays.
- What is the effect of PRDX2 or HOXA10 depletion on tumor growth?
- What is the clinical relevance of HOXA10 in OSCC patients?

https://doi.org/10.7554/eLife.99122.1.sa1

Reviewing #2 (Public Review):

This paper reports the role of the Isoform II of RUNX2 in activating PRDX2 expression to
suppress ferroptosis in oral squamous cell carcinoma (OSCC).
The following major issues should be addressed.

A major postulate of this study is the specific role of RUNX2 isoform II compared to isoform I.

Figure 1F shows association between patient survival and Iso II expression, but nothing is
shown for Iso I, this should be added, in addition the number of patients at risk in each
category should be shown.

The authors test Iso I and Iso II overexpression in CAL27 or SCC-9 model cell lines. In Fig. 2A
in CAL27, the overexpression of Iso II is much stronger than Iso I so it seems premature to
draw any conclusions. More importantly, however, no Iso I silencing is shown in either of the
cell lines nor the xenografted tumours. This is absolutely essential for the authors hypothesis
and should be tested using shRNA in cells and xenografted tumours.

A major conclusion of this study is that Iso II expression suppresses ferroptosis. To support
this idea, the authors use the inhibitor Ferrostatin-1 (Fer-1). While Fer-1 typically does not
lead to a 100% rescue, here the effect is only marginal and as shown in Figures 3F and G only
marginally better than Z-VAD or Necrostatin 1. These data do not support the idea that the
major cause of cell death is ferroptosis. Instead, Iso II silencing leads to cell death through
different pathways. The authors should acknowledge this and rephrase the conclusion of the
paper accordingly.

Moreover, the authors consistently confound cell proliferation with cell death.

In Fig. 4A the authors investigate GPX1 expression, whereas GPX4 is often the key ferroprosis
regulator, this has to be tested. This is important as the authors also test the effect of the GPX4
inhibitor RSL3, however, the authors do not determine IC50 values of the different cell lines
with or without Iso II overexpression or silencing or compared to other RSL3 sensitive or
resistant cells. Without this information, no conclusions can be drawn.

In summary, while the authors show that RUNX2 Iso II expression enhances cell survival, the
idea that cell death is principally via ferroptosis is not fully established by the data. The
authors should modify their conclusions accordingly.

https://doi.org/10.7554/eLife.99122.1.sa0

Junjun Huang et al., 2024 eLife. https://doi.org/10.7554/eLife.99122.1 31 of 31


https://doi.org/10.7554/eLife.99122.1
https://doi.org/10.7554/eLife.99122.1.sa1
https://doi.org/10.7554/eLife.99122.1.sa0

	RUNX2 Isoform II Protects Cancer Cells from Ferroptosis by Promoting PRDX2 Expression in Oral Squamous Cell Carcinoma
	Abstract
	1. Introduction
	2. Results
	RUNX2 isoform II is overexpressed and associated with poor prognosis in OSCC
	RUNX2 isoform II is required for OSCC cell proliferation in vitro and tumorigenesis in vivo
	Figure 1.

	RUNX2 isoform II suppresses ferroptosis
	RUNX2 isoform II promotes the expression of PRDX2
	Figure 2.
	Figure 3.

	HOXA10 is required for RUNX2 isoform II expression and cell proliferation in OSCC
	HOXA10 inhibits ferroptosis through RUNX2 isoform II
	Figure 4.
	Figure 5.


	3. Discussion
	Figure 6.
	Figure 7.

	4. Materials and Methods
	Human tissues
	Nude mice xenograft tumor formation assay
	Cell culture
	Plasmids and transfection
	TCGA datasets
	RNA extraction and reverse transcription polymerase chain reaction (RT-PCR)
	RNA interference and transfection
	Immunohistochemistry (IHC)
	Chromatin immunoprecipitation and quantitative PCR (ChIP & qPCR)
	Western blot
	Cell counting and colony formation assay
	Apoptosis assay
	ROS detection
	Transmission electron microscopy (TEM)
	Detection of lipid peroxidation
	Statistical analysis
	Competing interests

	Acknowledgements
	Author Contributions
	Data and Materials Availability Statement
	Ethics

	Figure legends
	References
	Editors


