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Abstract
Head and neck squamous cell carcinoma (HNSCC) is often being diagnosed at an advanced stage, conferring a poor
prognosis. The probability of local tumor control after radiotherapy depends on the eradication of cancer stem cells (CSCs)
with activated DNA repair. This study provides evidence that the CSC-related transcription factor Oct4 contributes to
HNSCC radioresistance by regulating DNA damage response and the CSC phenotype. Knockdown of Oct4 A isoform
reduced self-renewal capacity in HNSCC and led to partial tumor cell radiosensitization caused by transcriptional
downregulation of the cell cycle checkpoint kinases CHK1 and WEE1 and homologous recombination (HR) repair genes
PSMC3IP and RAD54L. Besides, PARP inhibition with Olaparib selectively radiosensitized Oct4 A knockout, but not wild-
type HNSCC cells. This finding links Oct4 A to the HR-mediated DNA repair mechanisms. In turn, knockdown of
PSMC3IP and RAD54L reduced the HNSCC self-renewal capacity and clonogenic cell survival after irradiation, suggesting
the interplay between DNA repair and the CSC phenotype. Similar to the effect of Oct4 knockdown, overexpression of Oct4
also resulted in significant HNSCC radiosensitization and increased DNA damage, suggesting that Oct4-dependent
regulation of DNA repair depends on its fine-tuned expression. In line with this observation, HNSCC patients with high and
low nuclear Oct4 expression at the invasive tumor front exhibited better loco-regional tumor control after postoperative radio
(chemo)therapy compared to the intermediate expression subgroup. Thus, we found that the Oct4-driven transcriptional
program plays a critical role in regulating HNSCC radioresistance, and a combination of radiotherapy with PARP inhibitors
may induce synthetic lethality in Oct4-deregulated tumors.

Introduction

As the sixth most common cancer entity worldwide, head and
neck squamous cell carcinoma (HNSCC) accounts for about
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900,000 new cases annually [1]. HNSCC displays a high
grade of heterogeneity [2]. It can be attributed to the diversity
of manifestation sites in the upper aerodigestive tract and the
different etiologic backgrounds, including tobacco or alcohol
consumption [3] and virus infection [4]. Consequently, the
response of patients to multimodal treatment, including sur-
gery and/or radio(chemo)therapy exhibits similar diversity. In
most cases, patients with HNSCC are diagnosed with
advanced stages of disease, for which a 5-year survival rate of
about 50% is being reported [5]. With the concept of perso-
nalized medicine evolving, increasing efforts have been made
to understand and exploit the molecular mechanisms behind
tumor heterogeneity for patient stratification and the devel-
opment of targeted therapies [6]. For HNSCC arising in the
oropharynx, one of the most critical biomarkers established
today is the human papillomavirus (HPV) infection status [7].
It identifies a patient subgroup with a good prognosis and a
high likelihood of an increased response to radio(chemo)
therapy [7, 8]. Still, equally suitable markers for treatment
selection and disease monitoring in HPV-negative HNSCC
are lacking.

Cancer stem cells (CSCs) have entered the focus of
biomarker research due to their self-renewal properties and
high radio(chemo)therapy resistance, rendering them a
driving force of tumor progression and relapse [9–11].
Several studies reported the applicability of cell surface
receptors and intracellular proteins as HNSCC stem cell
markers, including the hyaluronic acid receptor CD44 [12],
aldehyde dehydrogenase (ALDH) enzymes [13], and tran-
scription factors such as Oct4 [14].

Oct4 is a stemness-associated transcription factor encoded
by the POU5F1 gene. By acting as a transcriptional activator
or repressor, Oct4 orchestrates the pluripotency network in
human embryonic stem cells (hESCs) [15]. Similarly, Oct4
was shown to promote the self-renewal of CSCs in different
tumor entities [16, 17], including HNSCC [14]. However, a
comparison between Oct4 target genes in hESCs and germ cell
tumors revealed only a partial overlap [18]. It indicates that
mechanistic insights regarding the well-characterized functions
of Oct4 in hESC might not always contribute to its role in
CSCs. Moreover, the plasticity and heterogeneity of CSC
subpopulations further complicate the detailed understanding
of Oct4-related signaling [19–21]. In the context of tumor
progression and radio(chemo)therapy resistance, Oct4 was
shown to be involved in the regulation of cellular growth and
proliferation, cell cycle control, epithelial-mesenchymal tran-
sition (EMT), and DNA repair [17, 22, 23]. Importantly, most
studies are lacking the discrimination between the different
Oct4 isoforms A, B, and B1, although recent findings suggest
their involvement in the various cellular processes. Oct4 iso-
form A acts as a pluripotency transcription factor, whereas
Oct4 B cannot maintain the stem cell phenotype [24]. Instead,
there is evidence that Oct4 B probably functions in response to

genotoxic agents and other external stressors, which can
induce expression of Oct4 B protein variants by alternative
translation initiation [25, 26]. Despite many proposed
mechanisms in different tumor entities, the role of Oct4 iso-
forms in the regulation of HNSCC radioresistance remains to
be elucidated.

In this report, we provide evidence for the suitability
of Oct4 as a biomarker for HNSCC patients treated
with postoperative radio(chemo)therapy. With particular
emphasis on the different isoforms, we investigate the
contribution of Oct4 and the Oct4-related gene signature to
HNSCC radioresistance and CSC properties via the reg-
ulation of homologous recombination DNA repair.

Results

Additional results not described here are included in the
supplementary information.

Oct4 depletion is associated with altered CSC
properties and DNA damage response

The local tumor control after fractionated irradiation
depends on the pre-treatment number of CSCs and their
intrinsic radioresistance [27, 28]. As Oct4 expression is
associated with pluripotency in CSCs [29–31], we hypo-
thesized that Oct4 might exert its role in regulating HNSCC
radioresistance via maintenance of the CSC phenotype. The
CSC phenotype in HNSCC is characterized by the expres-
sion of several biomarkers, including the hyaluronic acid
receptor CD44 as well as the ALDH isoforms ALDH1A1
and ALDH1A3 [32, 33]. To analyze CSC biomarker
expression upon Oct4 downregulation, we employed the
HPV-negative HNSCC cell lines UTSCC5 and Cal33,
which exhibit high Oct4 mRNA levels (Fig. 1A). Discus-
sion of Oct4 isoforms and more detailed analysis of Oct4
mRNA and protein expression in HNSCC cell lines are
provided in supplementary results (Supplementary Fig. 1A,
B). Indeed, treatment with siRNA against Oct4 A decreased
CD44 gene expression in Cal33 and UTSCC5 cells (Fig. 1B
and Supplementary Fig. 1C). Besides, the expression of
ALDH isoforms ALDH1A1 and ALDH1A3 was markedly
deregulated in a cell line- and siRNA-specific manner
(Supplementary Fig. 1D). These results suggest that Oct4
downregulation influences the CSC phenotype in HNSCC
cell lines. Moreover, Oct4 expression is associated with
tumor sphere formation capability of cancer cell lines [34].
To test if Oct4 regulates functional CSC characteristics in
HNSCC cell lines, we assessed the sphere-forming capacity
of UTSCC5 and Cal33 cells upon siRNA-mediated Oct4
knockdown. In the Cal33 cell line, the reduction of Oct4
expression led to a significant decrease in average sphere
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size (Fig. 1C and Supplementary Fig. 1C), indicating the
involvement of Oct4 in the regulation of self-renewal.
Furthermore, in HNSCC cell lines with total Oct4 knock-
down, a whole-genome gene expression analysis revealed
deregulation in the expression of CSC-related genes
(Fig. 1D). Among the CSC genes downregulated by Oct4
knockdown, we identified mediators of various cell sig-
naling pathways, including Wnt/ß-Catenin, NOTCH, ERK,
and TGF-ß signaling, as well as cell cycle regulators, like
WEE1 G2 Checkpoint Kinase (WEE1) and CHK1, check-
point kinase 1 (CHEK1). WEE1 and CHK1 play a pivotal
role in DNA damage response (DDR) activated in the CSC
populations from different tumor entities [35–37].

A qRT-PCR analysis of CHEK1 and WEE1 mRNA
expression upon Oct4 isoform A knockdown confirmed the
downregulation of both genes in UTSCC5 and Cal33 cells
(Supplementary Fig. 2A). In line with the reduced mRNA

expression, CHK1 protein levels are decreased in UTSCC5,
Cal33, and FaDu cells in response to Oct4 A knockdown, as
seen by western blot (Supplementary Fig. 2B). As CHK1 and
WEE1 are major regulators of the DNA-damage-induced cell
cycle arrest in the G2 phase [38, 39], we investigated the effect
of Oct4 knockdown on cell cycle distribution in UTSCC5 cells
after irradiation. Whereas UTSCC5 cells treated with scram-
bled siRNA exhibited a marked increase in G2 phase cells
after 6 Gy and a less pronounced upregulation of the S phase
cells after 8 Gy, irradiation did not significantly change the cell
cycle distribution in Oct4 knockdown cells. There was also no
significant difference in the cell cycle distribution for the
sham-irradiated cells (Fig. 1E). Consistent with this data, the
analysis of the CHEK1 and WEE1 gene promoters revealed
putative Oct4 binding elements (Supplementary Fig. 2C).
These results are consistent with previous observations that
HNSCC CSCs defined by side population+/CD44+/ALDHhigh

Fig. 1 Expression levels of Oct4 regulates CSC phenotype and
irradiation-induced G2 arrest. A Quantitative real-time PCR (RT-
qPCR) analysis of Oct4 A, Oct4 B, and Oct4 B1 expression in seven
HNSCC cell lines. B Expression of CD44 in HNSCC cells after Oct4
knockdown; error bars indicate SD; *p < 0,05. C Analysis of sphere-
forming properties of Cal33 cells after small interfering (si) RNA-
mediated knock-down of Oct4 A expression in Cal33 and UTSCC5
cells. Cells transfected with scrambled (Scr) siRNA were used as

control; error bars= SD; ***p < 0,001. D The whole-genome gene
expression analysis of Cal33, FaDu, and UTSCC5 cells transfected
with POU5F1 siRNA or scrambled siRNA revealed that Oct4 down-
regulation is associated with a decrease in CSC-related gene expres-
sion. The cell cycle and DNA damage response regulators, WEE1 and
CHK1 kinases, are indicated by arrows. E Oct4 knockdown in
UTSCC5 cells led to the abrogation of the irradiation-induced G2-
arrest.
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phenotype have prolonged G2/M phase arrest in response to
carbon or photon irradiation [40]. Our findings indicate that
Oct4 is involved in the irradiation-induced DNA damage
response and contributes to the regulation of the radioresistant
CSC populations.

Oct4 isoform knockdown partially radiosensitizes
HNSCC cell lines

To test whether Oct4 is functionally involved in the reg-
ulation of HNSCC radioresistance, we employed a siRNA-
mediated knockdown of the Oct4 isoforms in the UTSCC5

and Cal33 cell lines. We found that the siRNAs designed to
target specifically Oct4 isoform A or B also decreased the
expression of all other isoforms, creating an effect resem-
bling total Oct4 knockdown (Fig. 2A). This observation
could be explained by a regulatory impact of specific Oct4
isoforms on the expression of other transcript variants, as it
was already shown for Oct4 A and B [41]. Furthermore,
siRNAs employed in this experiment can potentially target
non-spliced premature mRNA, affecting all splice variants.
In a 2D colony formation assay, a significant reduction
of clonogenic survival after irradiation was observed in
Cal33 cells upon Oct4 isoform knockdown (Fig. 2B and
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Fig. 2 Analysis of the impact of Oct4 expression on HNSCC
radioresistance. A Relative mRNA expression of Oct4 transcript
variants in response to the isoform-specific Oct4 gene knockdown
analyzed by RT-qPCR. Cells transfected with scrambled (Scr) siRNA
were used as control; error bars indicate SD; *p < 0,01, **p < 0,01,
***p < 0,001. B Relative cell radiosensitivity was analyzed by 2D
radiobiological colony-forming assay after siRNA-mediated knock-
down of Oct4 A or Oct4 B in Cal33 or UTSCC5 cells. Cells trans-
fected with scrambled (Scr) siRNA were used as control; error bars
indicate SD. C Analysis of relative radioresistance of wild type (WT)
and Oct4A knockout (KO) clones of UT SCC5 cells by 2D or 3D
colony-forming assay; error bars indicate SD. D Radiobiological col-
ony formation analysis of Cal33 cells stably transfected with pWPXL-
tdTomato or pWPXL-Oct4-HA-tdTomato plasmids. Expression of

Oct4 protein was confirmed by Western blotting; error bars indicate
SD; *p < 0,05. E The overexpression of Oct4 protein resulted in the
accumulation of DNA double-stranded breaks (DSBs) after irradiation.
DNA DSBs were analyzed by γ-H2A.X foci analysis 24 h after 4 Gy
of X-ray irradiation. Sham-irradiated cells were used as control; error
bars indicate SD; *p < 0,05. F Representative examples of Oct4
nuclear staining at the invasive tumor front in HNSCC tissues scored
as low, intermediate, and high Oct4 expression. The scale bar is
100 μm. G Kaplan–Meier analysis of patients treated with post-
operative radio(chemo)therapy (PORT-C). The impact of Oct4
expression on loco-regional control was evaluated using the univariate
Cox-regression model. Statistical analysis was performed by SPSS
software. High and low nuclear Oct4 expression at the invasive front is
associated with better loco-regional control; n= 167.
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Supplementary Fig. 3A, B). In contrast, the UTSCC5 cell
line revealed to be less susceptible to Oct4 knockdown-
induced radiosensitization. These findings suggested a cell-
line-dependent effect of Oct4 knockdown on the HNSCC
cell radiosensitivity.

CRISPR/Cas9-mediated knockout of Oct4 isoform A
heterogeneously affects relative cell radioresistance

The generation of the CRISPR/Cas9-mediated knockout of
Oct4 isoform A (OCT4 A KO) is described in supplemen-
tary results (Supplementary Fig. 4A, B). Assessment
of the clonogenic survival after irradiation revealed a

heterogeneous effect of Oct4 A KO on relative cell radio-
resistance (Fig. 2C and Supplementary Fig. 4C). Oct4 A
KO clones were among the most radioresistant clones (KO
#2), as well as among the most radiosensitive (KO #3). A
repetition of the assay under more physiological, Matrigel-
embedded conditions (3D colony formation assay) led to
very similar results (Fig. 2C and Supplementary Fig. 4C).
As HNSCC cell lines possess a high genetic and epigenetic
heterogeneity [42, 43], the diverse radioresistance levels of
the KO and WT clones may also be attributed to the clone
effect. Consequently, the established model systems did not
confirm a crucial impact of Oct4 depletion on HNSCC
radioresistance in vitro. Instead, our findings suggest that
Oct4 downregulation contributes to the regulation of
HNSCC radioresistance in a context-dependent manner and
potentially can exert its effects in interplay with other sig-
naling molecules, which are differently regulated in the
analyzed experimental models.

Oct4 overexpression results in cell radiosensitization

To further analyze the impact of Oct4 deregulation on
HNSCC radioresistance, we generated Cal33-tdTomato and
Cal33-Oct4-HA-tdTomato cell lines by stable transfection
of Cal33 cells with pWPXL-tdTomato and pWPXL-Oct4-
HA-tdTomato plasmids. Analysis of these cell lines for
relative clonogenic survival after irradiation showed that
Oct4 overexpression results in significant cell radio-
sensitization (Fig. 2D and Supplementary Fig. 4D). Cal33-
Oct4 overexpressing cells exhibit a significantly increased
number of residual y-H2A.X foci per nucleus 24 h after
irradiation (Fig. 2E). Furthermore, stable Oct4 over-
expression is associated with significant downregulation of
BRCA1 and upregulation of CD44 gene expression (Sup-
plementary Fig. 4E). A high level of Oct4 expression also
resulted in the inhibition of RAD54L, SOX2, and NANOG
expression (not significant). Altogether, these findings
suggest that overexpression of Oct4, like its genetic
silencing, causes tumor cell radiosensitization. This finding
is in line with the previous observations that distinct cellular
responses induced by Oct4 dependent on its intracellular
amount. Both up- and downregulation of Oct4 lead
to the inhibition of the stem cell transcriptional program
[44, 45].

Increased loco-regional control after postoperative
radio(chemo)therapy is associated with Oct4
expression

The expression of CSC-associated genes was recently
linked to malignant progression and therapy resistance of
patients with HNSCC [32], and in particular to respond to
radiotherapy [27, 46]. Here, we investigated a possible

Table 1 Patient characteristics.

Parameter Number of
patients

%

In total: 167 patients, treated in
1999–2009

Gender

Female/male 22/145 13.2/86.8

Clinical T stage

1/2/3/4 37/73/33/24 22.2/43.7/19.8/
14.4

Clinical N stage

0/1/2/3 16/31/118/2 9.6/18.6/70.7/1.2

UICC stage (2010)

I/II/III/IV 2/2/33/130 1.2/1.2/19.8/77.8

R status

0/1/unknown 121/36/10 72.5/21.6/6.0

ECE status

0/1 98/69 58.7/41.3

Localization

Oropharynx/oral cavity/
hypopharynx/larynx

50/90/20/7 29.9/53.9/12.0/
4.2

Grading

1/2/3 2/78/87 1.2/46.7/52.1

Chemotherapy

Yes/no 76/91 45.5/54.5

Smoking during therapy

Yes/no/unknown 121/17/29 72.5/10.2/17.4

Alcohol during therapy

Yes/no/unknown 117/20/30 70.1/12.0/18.0

p16 status

Negative/positive/unknown 137/29/1 82.0/17.4/0.6

HPV16 DNA status

Negative/positive/unknown 138/28/1 82.6/16.8/0.6

Parameter Median Range

Follow-up (months) 43.2 1.8–153.0

Age (years) 52.7 24.0–73.0

Dose (Gy) 64.0 60.0–66.0

4218 J. Nathansen et al.



association of Oct4 protein expression with loco-regional
control in a retrospective, monocentric cohort including 167
patients with locally advanced HNSCC who received
cisplatin-based postoperative radio(chemo)therapy (PORT-
C). According to the intensity of immunohistochemical
staining of nuclear Oct4 protein at the invasive tumor front,
the patients were assigned to high, intermediate, or low
Oct4 expressing subgroups. Patients with high and low
nuclear Oct4 expression at the invasive tumor front exhib-
ited better loco-regional tumor control compared to the
intermediate expression subgroup (Fig. 2F, G, and Table 1).
In addition, when the high and low Oct4 expression sub-
groups were analyzed separately, we found that patients
with low Oct4 expression exhibited significantly better
loco-regional control compared to the intermediate expres-
sion subgroup. The same effect was visible for high Oct4
expression compared to the intermediate expression sub-
group, but due to the lower patient number the difference
was not statistically significant (Supplementary Fig. 5A).
This observation is in line with our in vitro finding that both
loss and overexpression of Oct4 may lead to tumor
cell radiosensitization. All in all, our findings suggest
that Oct4 can be regarded as a potential biomarker for
HNSCC patients treated with postoperative radio(chemo)
therapy.

PARP inhibition selectively radiosensitizes Oct4 A
depleted UTSCC cells

Next, we investigated the molecular mechanisms mediating
the role of Oct4 in the regulation of tumor cell radio-
sensitivity. Our previous studies showed that the UTSCC5
cell line, which was not significantly radiosensitized by
Oct4 depletion, is characterized by a substantially higher
level of homologous recombination than Cal33 cells, which
showed significant radiosensitization upon Oct4 silencing
(Fig. 2B) [47]. It was also previously demonstrated that
cells with defective HR mechanisms are highly sensitive to
the inhibition of Poly (ADP-ribose) polymerase (PARP)
[48]. Gene expression analyses revealed that Oct4 depletion
resulted in the downregulation of genes involved in
homologous DNA repair, such as checkpoint kinases
CHEK1 and WEE1 (Fig. 1D). Checkpoint kinases are
activated in response to irradiation-induced DNA damage to
prevent the entry of the damaged cells into mitosis, allowing
DNA repair to occur. Moreover, both CHEK1 and WEE1
can directly influence homologous recombination repair by
regulating phosphorylation of RAD51 and BRCA2,
respectively [49, 50].

To further investigate a possible contribution of homo-
logous recombination repair to the radiosensitizing effects

Fig. 3 PARP inhibition selectively radiosensitizes Oct4 A depleted
HNSCC cells. A Radiobiological colony formation assay using Oct4
A KO and WT clones pretreated with Olaparib at a concentration of
1 μM for 2 h before irradiation; error bars indicate SD; *p < 0,05.
B Expression of 83 DNA repair genes analyzed by RT² Profiler PCR
array in UTSCC5 Oct4 A KO and WT clones. Cells were pretreated

with Olaparib at a concentration of 1 μM for 2 h before irradiation with
4 Gy of X-ray and collected 24 h later. Data are from three pooled
experiments. Gene expression data for Oct4 KO and WT clones are
normalized to the corresponding DMSO treated control. C Validation
of the PCR array results for ATR, BRCA1, and BRCA2 genes.
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of Oct4 depletion, we assessed colony formation capability
in Oct4 A KO cells with and without treatment with PARP
inhibitor Olaparib (Fig. 3A and Supplementary Fig. 5B).
While Olaparib reduced plating efficacy at 0 Gy in both
Oct4 A KO and wild type clones, the cytotoxic effect was
more pronounced in Oct4 A KO cells. Moreover, when
Olaparib treatment was followed by irradiation, the PARP
inhibition led to radiosensitization only in the Oct4 A KO
clones, whereas wild-type clones were not significantly
affected. The different susceptibility towards PARP inhi-
bition indicates a HRR deficiency in Oct4 A KO clones. To
assess a putative link between Oct4 and HRR mechanisms,
we analyzed the expression of 83 DNA repair genes in a
representative UTSCC5 Oct4 A KO clone and the corre-
sponding WT clone after irradiation in combination with
Olaparib (Fig. 3B). Irradiation alone led to an increased
expression of most DNA repair genes in the WT clone,
whereas in the Oct4 A KO clone this response was partially
disrupted. The addition of Olaparib reduced irradiation
response in both Oct4 A KO and WT cells. Among the
genes differently regulated between Oct4 A KO and

WT cells upon irradiation, we identified ATR, an apex
mediator of the DNA damage response, and the HRR genes
BRCA1 and BRCA2. qPCR analysis confirmed that
BRCA1 is significantly and ATR is close to significantly
upregulated upon irradiation only in the WT, but not the
Oct4 A KO cells, supporting the hypothesis of a deficiency
in DNA repair mechanisms caused by Oct4 A depletion
(Fig. 3C). A potential adaptation of UTSCC5 KO cells to
the long-term Oct4 depletion and its possible molecular
mechanisms are discussed in supplementary results (Sup-
plementary Fig. 5C, D). Altogether, these findings suggest a
synthetic lethality effect from the combination of Oct4 A
KO and PARP inhibition and involvement of Oct4 A in the
homologous recombination repair mechanisms.

Analysis of the Oct4-related signature confirms
involvement in DNA repair and identifies new target
genes

To gain further insight into the Oct4-related gene signature,
we performed mRNA co-expression analysis of Oct4 with
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Fig. 4 Identification of RAD54L and PSMC3IP as Oct4-
correlating genes. A Identification of the Oct4-correlating genes in
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the whole transcriptome (20 000 genes) using the TCGA
HNSCC provisional dataset. Among the 25 genes most
correlating with Oct4, we further selected 15 genes that
were not located in the same or neighboring cytoband to
separate a possible chromatin effect on the gene expression
from the functional interactions. In the next step, we iden-
tified four genes that showed a significant association with
overall survival of HNSCC patients treated with radio-
therapy, namely PSMC3IP (HOP2), RAD54L, WRAP73,
and APITD1 (Fig. 4A). From this list, we selected
PSMC3IP and RAD54L for further analysis, as they exhibit
a high correlation not only to Oct4 but also to each other,
suggesting an involvement in the same functional cluster.
This assumption is supported by the fact that both

PSMC3IP and RAD54L are important contributors to
homologous recombination repair [51, 52], and have a
higher association with overall survival in patients treated
with radiotherapy as compared to the total HNSCC TCGA
cohort of patients who received heterogenous treatment
(Supplementary Fig. 6A and B). In further support of the
link between the Oct4-related gene signature and radio-
resistance, we found a strong correlation of a set of 83 DNA
repair genes and Oct4, PSMC3IP and RAD54L in the
HNSCC TCGA patient dataset (Fig. 4B). Moreover, co-
expression analysis of PSMC3IP and RAD54L with CHEK-
1, which is one of the Oct4-regulated genes (Fig. 1D),
identified the clusters of genes highly correlating with all
three targets (Supplementary Fig. 7A). Pathway analysis

1  2  3  4  5  6  7  8  9 10 11

Oct4 binding siteB
A

Re
la

tiv
e 

ex
pr

es
si

on
 le

ve
l, 

f.c
.

0 .0

0.5

1.0

1.5 PSMC3IP
RAD54L

Scr 
siR

NA   

Oct4
 A siR

NA #1
   

Oct4
 A siR

NA #2
   

Oct4
 B siR

NA #2
   

Oct4
 B siR

NA #1
   

0.0

0.5

1.0

1.5

Scr 
siR

NA   

Oct4
 A siR

NA #1
   

Oct4
 A siR

NA #2
   

Oct4
 B siR

NA #2
   

Oct4
 B siR

NA #1
   

PSMC3IP
RAD54L

Cal33

UTSCC5

p value PSMC3IP RAD54L

Oct4 A siRNA #1 0.013 0.010

Oct4 A siRNA #2 0.030 0.021

Oct4 B siRNA #1 0.123 0.035
Oct4 B siRNA #2 0.054 0.002

p value PSMC3IP RAD54L
Oct4 A siRNA #1 0.106 0.054

Oct4 A siRNA #2 0.169 0.018

Oct4 B siRNA #1 0.297 0.071

Oct4 B siRNA #2 0.553 0.541

Compared to Scr siRNA

Compared to Scr siRNA

n = 3

n = 3

Nu
m

be
r o

f s
ph

er
es

Size [µm]

Scr siRNA
PSMC3IP siRNA 
RAD54L siRNA

Nu
m

be
r o

f s
ph

er
es

Size [µm]

n = 3

Scr siRNA PSMC3IP siRNA RAD54L siRNA

Scr siRNA PSMC3IP siRNA RAD54L siRNA

PSMC3IP RAD54L

Re
la

tiv
e 

ex
pr

es
si

on

Re
la

tiv
e 

ex
pr

es
si

on

Tumor (n = 519)
Normal (n = 44)

Re
la

tiv
e 

ex
pr

es
si

on
 le

ve
l, 

f.c
.

Cal33

UTSCC5

C

< 0.0001

Scr siRNA 
vs PSMC3IP siRNA

Scr siRNA vs 
RAD54L siRNA

p-values < 0.0001

< 0.0001

Scr siRNA 
vs PSMC3IP siRNA

Scr siRNA vs 
RAD54L siRNA

p-values < 0.0001

1
2

3
4

5
6

1
2

3
4

5
6 *

0
1

2
3

4
5

0
1

2
3

4
5

*

Tumor (n = 519)
Normal (n = 44)

100 200 300 400
0

50

100

150

200

100 200 300 400
0

100

200

300
Scr siRNA
PSMC3IP siRNA 
RAD54L siRNA

n = 3

D

Oct4  A bcam
Oct4  CST
IgG

0

2

4

6

8

1 0

2 0

2 5

3 0

NANOG
PSMC3IP

 #1
PSMC3IP

 #2
CHEK1 #

1

PSMC3IP
 #3

CHEK1 #
2

CHEK1 #
3

RAD54L
 #1

RAD54L
 #2

NCC-IT

Fo
ld

 c
ha

ng
e

*

*

*
* *

*

*
*

B
its

Fig. 5 PSMC3IP and RAD54L genes are associated with CSC
properties in HNSCC cells and are highly expressed in tumor
tissues. A Downregulation of PSMC3IP and RAD54L mRNA levels
after siRNA-mediated knockdown of Oct4 A or Oct4 B gene
expression in Cal33 and UTSCC5 cells. Cells transfected with
scrambled (Scr) siRNA were used as control; error bars indicate SD.
B The results of chromatin immunoprecipitation (ChIP)–qPCR ana-
lysis confirmed direct binding of Oct4 protein to the multiple promoter
regions of the target genes PSMC3IP, RAD54L and CHEK1. For this

analysis, we used two Oct4 antibodies (Cell Signaling Technology,
#2750, and Abcam #ab19857). Rabbit IgG was used as negative
control; error bars indicate SD; *p < 0,05. C Analysis of the expression
levels of PSMC3IP and RAD54L genes in HNSCC and normal tissues
using GEPIA (Gene Expression Profiling Interactive Analysis); *p <
0.05. D Downregulation of sphere-forming properties of Cal33 and
UTSCC5 cells after siRNA-mediated knockdown of PSMC3IP and
RAD54L gene expression. Cells transfected with scrambled (Scr)
siRNA were used as control; error bars indicate SD.

Oct4 confers stemness and radioresistance to head and neck squamous cell carcinoma by regulating the. . . 4221



revealed a high involvement of these genes in DNA repair
and cell cycle regulation mechanisms (Supplementary Fig.
7B and C), highlighting the correlation of Oct4, PSMC3IP,
and RAD54L with the DNA damage response. Interest-
ingly, gene expression of PSMC3IP and RAD54L in a
UTSCC5 Oct4 A KO clone presumably harboring a
homologous recombination repair (HRR) deficiency was
significantly lower than in the corresponding WT clone
(Fig. 4C). Moreover, both genes are downregulated in
response to the siRNA-mediated knockdown of Oct4
(Fig. 5A). Taken together with the occurrence of putative
Oct4 binding elements in the promoter of both genes
(Supplementary Fig. 8A), this finding suggests that
PSMC3IP and RAD54L might be direct targets of Oct4
transcription factor activity.

PSMC3IP, RAD54L, and CHEK-1 are direct Oct4
target genes with sequential expression profiles

PSMC3IP, RAD54L and CHEK-1 harbor putative Oct4-
binding elements in their promoter (Supplementary Fig. 2A
and Supplementary Fig. 8A), raising the question whether
Oct4 directly regulates transcription of the DNA damage
response genes. To this end, we performed Chromatin
Immunoprecipitation (ChIP) analysis with two different
ChIP-grade antibodies directed against total Oct4 protein.
Coverage of all predicted binding sites was achieved by
employing multiple primer pairs for each gene promotor. A
previously validated Oct4 binding site in the NANOG
promoter was used as positive control [53]. Due to the
rather low Oct4 protein expression in cancer cell lines [54],
including HNSCC cells, this experiment was conducted in
the pluripotent embryonal carcinoma cell line NCCIT,
which highly expressed Oct4 isoform A and the putative
Oct4 target genes (Supplementary Fig. 8B). Our analysis
revealed significantly increased precipitation of different
promotor regions of NANOG, PSMC3IP, RAD54L and
CHEK-1 with Oct4 antibody compared to control IgG
(Fig. 5B). These findings suggest that the identified genes
are indeed direct targets of Oct4 transcription factor activity.

To further understand Oct4-dependent transcriptional
regulation in HNSCC, we performed a time-course analysis
of PSMC3IP, RAD54L and CHEK-1 expression upon
siRNA-mediated Oct4 knockdown in the Cal33 cell line
(Supplementary Fig. 8C). Interestingly, while PSMC3IP
mRNA levels decreased as early as 12 h after transfection,
RAD54L and CHEK-1 expression was significantly
downregulated after 24 h and 48 h, respectively. The
observed dynamics indicate a sequential regulation of Oct4
target genes in HNSCC cells potentially driven by addi-
tional transcriptional regulators and Oct4-binding partners
[15]. Correlation of POU5F1, RAD54L and PSMC3IP
expression with genomic instability and HPV16 status is

discussed in supplementary results (Supplementary Fig. 9
and Supplementary Table 1).

PSMC3IP and RAD54L functionally contribute to
HNSCC self-renewal and radioresistance

The potential role of PSMC3IP and RAD54L in tumor
development is supported by significantly higher expression
levels of these genes in HNSCC than in normal tissues
(Fig. 5C). Genetic depletion of both genes affected the self-
renewal capacity of HNSCC cell lines. In the sphere for-
mation assay, the siRNA-mediated knockdown of
PSMC3IP and RAD54L resulted in a significant decrease in
sphere average size and sphere number for Cal33 and
UTSCC5 cells (Fig. 5D and Supplementary Fig. 10). Ana-
lysis of the 77 CSC-related genes revealed a strong corre-
lation of POU5F1, PSMC3IP, and RAD54L with CHEK-1,
WEE1, and TAZ, the critical regulators of the homologous
recombination, cell cycle, and CSC maintenance in the
HNSCC TCGA patient dataset (Fig. 6A). Several observa-
tions validated the role of PSMC3IP and RAD54L in
HNSCC radioresistance regulation and DNA repair. First,
siRNA-mediated knockdown of PSMC3IP and RAD54L
expression in Cal33, FaDu, and UTSCC5 cells significantly
decreased clonogenic cell survival after irradiation in all
analyzed cell lines (Figs. 6B and C, Supplementary Fig. 11).
Prompted by the important contribution of both proteins to
DNA repair, we analyzed the effect of PSMC3IP and
RAD54L knockdown on y-H2A.X foci clearance as a
marker of DNA double-strand break (DSB) repair capacity.
Indeed, in Cal33, FaDu and UTSCC5 cells transfected with
siRNA against PSMC3IP or RAD54L, the number of resi-
dual y-H2A.X foci per nucleus was significantly increased
24 h after irradiation (Fig. 7A). Furthermore, knockdown of
both PSMC3IP and RAD54L genes is associated with the
downregulation of CHK1 protein expression (Fig. 7B).

All in all, these findings suggest that Oct4-regulated
genes contribute to the HNSCC radioresistance by mod-
ulating the DNA repair and CSC properties (Figs. 7C and
D). We found that both high expression and loss of Oct4 are
associated with abnormal homologous recombination (HR)-
mediated DNA repair and can be used to predict high tumor
sensitivity to DNA damaging treatment such as radio-
therapy. Combining radiotherapy with DNA repair inhibi-
tors such as PARP-inhibitors or other targeted treatments
may induce synthetic lethality in Oct4-deregulated tumors,
including CSC eradication.

Discussion

HNSCC is a highly prevalent cancer with a low survival
rate at locally advanced stages of the disease. Adequate
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treatment selection is complicated by the lack of suitable
markers, especially for HPV-negative tumors, which in
clinical trials exhibit poor prognosis compared to HPV-
positive cases [55, 56]. In our study including 167 patients
with locally advanced HNSCC, we found that both very low
and very high Oct4 protein expression at the invasive tumor
front is associated with better loco-regional tumor control
after cisplatin-based postoperative radio(chemo)therapy
(PORT-C) compared to intermediate Oct4 protein expres-
sion. Previously, Ventelä and colleagues reported reduced
survival of patients with Oct4-positive HNSCC compared
to Oct4-negative cases after radiotherapy [57]. However,
our findings indicate that a more detailed categorization of
Oct4 expression into low, intermediate and high expression
levels could identify additional subgroups of patients who
are at high risk for developing loco-regional recurrences,
thus further improving its prognostic value. Importantly, our
analysis included patients with both HPV-positive and
HPV-negative tumors, suggesting the applicability of Oct4
as a biomarker for HNSCC independent of the HPV status.
For further discussion on the correlation of Oct4 expression
and HPV status, see supplementary information.

Previous studies demonstrated that loco-regional control
upon radiotherapy is associated with the number and

intrinsic radioresistance properties of CSCs [27, 29]. Our
data and earlier published studies described in more detail in
the supplementary discussion indicate that Oct4 contributes
to radioresistance of HPV-negative HNSCC through
maintenance of the CSC phenotype and that the extent of its
influence depends on cell-line specific characteristics, which
will be discussed below.

Interestingly, among the CSC genes downregulated by
Oct4 knockdown, we identified CHK1 and WEE1, two
important mediators of the DNA damage response. CSCs
crucially depend on efficient DNA repair to maintain stem-
ness and withstand DNA-damaging treatments. Therefore we
hypothesized that Oct4 exerts its role in regulating CSC
phenotype and radioresistance by contributing to the DNA
damage response [10, 27]. Previous reports showed the
association of radioresistance and active HRR in HNSCC cell
lines [47, 58]. In the UTSCC5 Oct4 A knockout model,
irradiation induced expression of the well-known HRR gene
BRCA1 only in the control wild-type cells. In contrast,
upregulation of BRCA1 and other DNA repair genes upon
irradiation was impaired in Oct4 A knockout cells. As HRR-
deficient tumors are particularly susceptible to PARP inhibi-
tion (PARPi), we investigated a potential synthetic lethality
effect of PARPi and HRR deficiency induced by Oct4 A

Fig. 6 PSMC3IP and RAD54L genes regulate HNSCC radio-
resistance. A Correlation of mRNA expression for 77 CSC-related
genes with PSMC3IP, RAD54L, and POU5F1 in the TCGA HNSCC
patient cohort (n= 519) revealed the highest correlation with TAZ,
CHEK1, and WEE1 (indicated by arrows). B The siRNA - mediated
knockdown of PSMC3IP or RAD54L expression increased

radiosensitivity in HNSCC cell lines Cal33, UT SCC5, and FaDu.
Cells transfected with scrambled (Scr) siRNA were used as control;
error bars= SD. C Quantitative real-time PCR (RT-qPCR) analysis of
PSMC3IP and RAD54L expression in Cal33, FaDu, and UTSCC5 cell
lines after siRNA-mediated knockdown. Error bars indicate SD;
*p < 0,05.
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depletion [49]. Indeed, PARPi led to significant radio-
sensitization of Oct4 A knockout, but not wild type UTSCC5
cells, supporting the hypothesis that Oct4 A depletion impairs
HRR function. The finding that Oct4 knockout or knockdown
alone is not sufficient to radiosensitize UTSCC5 cells can
potentially be attributed to compensation by the intrinsically
high HRR capacity of this cell line [12]. Moreover, during
long-term culturing Oct4 A knockout clones potentially
acquired additional changes leading to the activation of pro-
survival mechanisms as described in the supplementary dis-
cussion. Although the interplay between Oct4 A and different
components of the complex DNA damage response warrants
more detailed investigation, the synthetic lethality effect of
PARPi in Oct4 A-depleted HNSCC cells opens promising
directions for further research on CSC-targeting therapies.

To further elucidate the involvement of Oct4 in the DNA
damage response in HNSCC, we analyzed the Oct4-
correlating gene signature in the TCGA HNSCC dataset
and identified two HRR genes, PSMC3IP and RAD54L that
are significantly associated with improved overall survival of
HNSCC patients treated with radiotherapy. Previous studies
suggest that upregulated expression of HRR genes occurs in
DNA-repair deficient tumors as a non-functional compensa-
tory mechanism and, therefore, can potentially serves as
prognosticator for the efficiency of DNA-damaging therapies
[59, 60]. To validate the suitability of PSMC3IP and
RAD54L as potential biomarkers for HNSCC treated with
radiotherapy, further analyses are required.

In accordance with their reported function in HRR,
siRNA-mediated knockdown of PSMC3IP and RAD54L

Fig. 7 PSMC3IP and RAD54L genes regulate DNA repair. A The
siRNA-mediated inhibition of PSMC3IP or RAD54L expression
resulted in the accumulation of DNA double-stranded breaks (DSBs)
after irradiation. DNA DSBs were analyzed in Cal33, UTSCC5, and
FaDu cells by γ-H2A.X foci analysis 24 h after 4 Gy of X-ray irra-
diation. Sham-irradiated cells were used as control; error bars indicate
SD; *p < 0,05. The scale bar is 10 μm. B Western blot analysis of
CHK1, PSMC3IP, and RAD54L expression after siRNA-mediated
inhibition of PSMC3IP or RAD54L expression in Cal33, UTSCC5,

and FaDu cells. C Oct4 contributes to the HNSCC radioresistance by
modulating expression of genes regulating DNA repair and CSC
properties. D Oct4-dependent regulation of tumor radioresistance
depends on its precise intracellular level, and both high expression and
loss of Oct4 are associated with abnormal homologous recombination
(HR)-mediated DNA repair. Combination of radiotherapy with DNA
repair inhibitors such as PARP-inhibitors or other targeted treatments
may cause synthetic lethality in Oct4-deregulated tumors and CSC
death. CSC cancer stem cells, HR homologous recombination.
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impaired the repair of irradiation-induced DSB and subse-
quently radiosensitized HNSCC cell lines [51, 61]. More-
over, PSMC3IP and RAD54L knockdown also affected the
self-renewal capacity of Cal33 and UTSCC5 cells, reflect-
ing the generally accepted dependency of the CSC pheno-
type on efficient DNA repair mechanisms [10, 62]. The
association of PSMC3IP, RAD54L, and Oct4 with the CSC
DNA damage response is further emphasized by co-
expression with the checkpoint kinases CHK1 and WEE1
in the HNSCC TCGA patient dataset. An analysis of the
cell cycle distribution in UTSCC5 cells after Oct4 knock-
down revealed the abrogation of the irradiation-induced G2-
arrest, most likely partially attributed to the downregulation
of CHEK-1 and WEE1 expression. A similar correlation of
Oct4 with CHK1 protein expression and radioresistance has
been shown for squamous cell carcinoma of the cervix [63].
These findings suggest that modulation of the ATR/
CHK1 signaling axis putatively contributes to the radio-
sensitizing effect of Oct4 depletion in HPV-negative cell
lines. Additional investigation is warranted considering the
influence of different TP53 mutation variants with loss-of-
function, dominant-negative, and gain-of-function activity
on the radioresistance and DNA damage response of
HNSCC cell lines.

The role of Oct4 in the regulation of the DNA damage
response network is further emphasized by the co-
expression of CHK1, PSMC3IP, and RAD54L and var-
ious other DNA repair genes and cell cycle regulators in the
HNSCC TCGA patient dataset. Interestingly, our results
showed a downregulation of PSMC3IP, RAD54L, and
CHK1 mRNA levels upon Oct4 knockdown in HNSCC cell
lines. Consequently, we addressed the question if these
genes are direct targets of the Oct4 transcription factor
activity. Indeed, a ChIP analysis revealed significantly
increased binding of Oct4 protein to different promoter
regions of all three genes in the embryonic carcinoma cell
line NCCIT.

Nonetheless, caution should be given to the dramatically
different Oct4 protein levels of HNSCC and NCCIT cells,
as seen by western blot. Similarly, Zhou and colleagues
reported three to four orders of magnitude increase in
nuclear Oct4 protein of NCCIT cells compared to HeLa
cells [54]. Due to its low abundance, the authors suggested
the contribution of Oct4-dependent intermediary transcrip-
tion factors in somatic cancer cell lines. To investigate a
possible hierarchical organization of Oct4-dependent tran-
scriptional regulation in HNSCC, we performed time-course
analysis after Oct4 knockdown in Cal33 cells and found that
PSMC3IP levels are downregulated first, followed by
RAD54L and CHK1. This sequential downregulation
reflects the finding that PSMC3IP knockdown decreases
RAD54L expression, but not vice versa. Moreover, both
PSMC3IP and RAD54L knockdown led to a reduction in

CHK1 levels. Interestingly, increasing evidence points
towards the previously underestimated role of DNA repair
proteins in transcription regulation, including a possible
function as transcriptional co-activators [64]. For
PSMC3IP, a crucial role in the ATF4-dependent transcrip-
tion has been described [65]. In addition, previous studies
report direct regulation of HRR by CHK1 via RAD51
phosphorylation and RAD54L expression modulation
[45, 64]. Taken together, our findings suggest that the role
of Oct4 in the orchestration of the DNA damage response in
HNSCC includes both direct and indirect effects. To further
elucidate its complexity, analysis of a potential transcrip-
tional regulation by DNA repair proteins is warranted.

To our knowledge, this is the first report linking the CSC
regulator Oct4 with the expression of key players of the
HR-mediated DNA repair mechanisms. We found that both
high expression and loss of Oct4 are associated with defi-
cient homologous recombination (HR)-mediated DNA
repair and can be further exploited to predict high tumor
sensitivity after combination of radiotherapy with DNA
repair inhibitors. This report also provides evidence that
beyond its prognostic value as a biomarker for patients with
HNSCC receiving PORT-C, the involvement of Oct4 in the
regulation of the DNA damage response opens new insights
into HNSCC radioresistance and stemness and suggests
possible strategies for combination treatments with PARP
inhibitors.

Materials and methods

Additional methods not described here are included in the
supplementary information. Antibodies, primers, and
siRNA oligonucleotides used for the study are described in
Supplementary Table 2.

Patient cohort

In this retrospective, monocentric study, 167 patients with
locally advanced HNSCC meeting the following criteria
were included: histologically proven squamous cell carci-
noma arising from the oral cavity, oropharynx, hypophar-
ynx or larynx, availability of sufficient FFPE biomaterial for
biomarker analyses, curatively intended treatment between
1999 and 2009 with postoperative radiotherapy (PORT) or
cisplatin-based postoperative radiochemotherapy (PORT-C)
according to standard protocols covering the former tumor
region and regional lymph nodes (50 Gy) and a boost to the
former tumor region and the region of the involved neck
nodes (10–16 Gy). Prior to the treatment, all patients had to
undergo staging (magnetic resonance imaging or computed
tomography of the head and neck region, chest X-ray and
abdominal ultrasound) to exclude any patients with distant
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metastases. The included patients were part of two cohorts
that were previously presented to identify and validate
biomarkers after PORT-C treatment [66, 67].

For patient without progressive disease a minimum
follow-up time of 24 months was required. Additionally,
formalin-fixed paraffin-embedded (FFPE) tumor material,
radiotherapy treatment plans, computed tomography (CT),
magnetic resonance imaging (MRI) or positron emission
tomography–CT (PET/CT) images of the location of the
recurrent tumors as well as follow-up data of patients had to
be available to evaluate the localization of the recurrence.
The patient characteristics are presented in Table 1.

Ethical approval for this retrospective analysis of clinical
and biological data was obtained from the local Ethics
Committee.
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