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A B S T R A C T

Background: Hypoxia-inducible factor-1α (HIF-1α) is a crucial transcription factor activated under hypoxic 
conditions, known to regulate genes associated with tumor survival, progression, and response to therapy. This 
study aimed to evaluate the prognostic significance of HIF-1α expression in patients with anal squamous cell 
carcinoma (ASCC) undergoing chemoradiation therapy.
Methods: We conducted a retrospective analysis of 28 ASCC patients treated with intensity-modulated radio-
therapy (IMRT) at our center from 2009 to 2022. HIF-1α expression was assessed via immunohistochemistry on 
formalin-fixed paraffin-embedded tissue specimens. Quantitative analysis of HIF-1α expression was performed, 
and its relationship with clinical outcomes, including disease-free survival (DFS), locoregional relapse-free 
survival (LRRFS), and overall survival (OS), was examined using Cox regression models. Furthermore, ASCC 
tissue specimens from 17 patients were analyzed for potential PIK3CA mutations using Sanger sequencing.
Results: High HIF-1α expression was significantly associated with poorer DFS (p = 0.005), LRRFS (p = 0.012), 
and OS (p = 0.009). HIF1α expression was marginally significantly higher in males compared to females (p =
0.056) while there was no significant difference found based on tumor stage or p16 status. However, a positive 
correlation was identified between BMI and HIF-1α levels (Pearson correlation r = 0.5, p = 0.0084), suggesting a 
link between metabolic status and tumor hypoxia. Only one patient exhibited a PIK3CA mutation, preventing a 
reliable assessment of its correlation with HIF-1α expression.
Conclusion: Our findings underscore the importance of HIF-1α as a potential biomarker for predicting survival 
outcomes in ASCC patients treated with chemoradiation. The association between higher BMI and increased HIF- 
1α expression may provide insights into the interplay between metabolic health and tumor biology in ASCC. 
Further studies with larger cohorts are needed to validate these findings and explore targeted therapies focusing 
on HIF-1α modulation.

Introduction

Anal squamous cell carcinoma (ASCC) is a rare malignancy that af-
fects women more than men, with upwards trends for mortality [1]. The 
mainstay for treatment in non-metastatic stages is radiotherapy con-
current with fluoropyrimidines and mitomycin, which has a higher 
chance of sphincter-sparing [2,3]. Currently, efforts are being made to 
customize radiation doses according to tumor stage, reducing the in-
tensity for early stages while increasing it for advanced stages [4].

Hypoxia is common in solid tumors due to the imbalance between 
the high oxygen demand of cancer cells and the insufficient oxygen 
supply provided by aberrant peritumoral vascularization and blood flow 
[5]. This hypoxic microenvironment promotes the development of a 
more aggressive carcinoma phenotype characterized by high metastatic 
rates, resistance to therapeutic agents, and increased tumor recurrence 
[6]. As a result, therapeutic efficacy is reduced, leading to poorer patient 
outcomes [7]. Hypoxia-inducible factor-1 (HIF-1) is a pivotal tran-
scription factor that exists as a heterodimer with two subunits, “α” and 
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“β” [8]. Being activated through hypoxia and various non-hypoxic 
pathways, including growth factors signaling and oncogenic pathways, 
HIF-1α is crucial for activation for angiogenesis, proliferation, and me-
tastases of tumors [9].

Despite numerous attempts to identify prognostic biomarkers for 
ASCC [10,11], the role of hypoxia has seldom been explored, and HIF-1α 
has not previously been evaluated in this context [12].

In this study, we aim to explore the prognostic significance of HIF-1α 
in ASCC patients undergoing IMRT, as well as the factors that may in-
fluence its expression.

Material and methods

After approval by the local ethics committee of the Faculty of Med-
icine, RWTH Aachen University (EK 22-312), we conducted this retro-
spective analysis of clinical data from patients diagnosed with ASCC 
who underwent intensity-modulated radiotherapy (IMRT) at our center 
from 2009 to December 2022, as detailed in previous reports [13,14]. 
This analysis included individuals treated with the intent to cure and for 
whom archived, formalin-fixed paraffin-embedded (FFPE) tissue speci-
mens from primary tumors were available for analysis. Exclusion criteria 
were patients presenting with metastatic disease at initial diagnosis and 
those for whom only FFPE tissue from metastatic sites was available.

First, the slides stained with hematoxylin and eosin were analyzed 
for the presence, quantity, and quality of the tumor cells. After that, 
immunohistochemistry (IHC) was performed on 4 µm thick tissue sec-
tions. After deparaffinization and rehydration, the antigen was retrieved 
using a citrate buffer (pH 6.0). Sections were then incubated with a 
commercial monoclonal rabbit anti-HIF-1α antibody (EP118, HIF-1 
alpha antibody, Bio SB, 108 Santa Barbara, CA 93111, USA) at a dilu-
tion of 1:250 for 30 min at room temperature. Following primary anti-
body incubation, tissue sections were treated with a biotinylated 
secondary antibody, followed by exposure to an avidin–biotin complex 
with horseradish peroxidase. Colorimetric detection was performed 
using 3,3′-diaminobenzidine (DAB) as a chromogen. Finally, sections 
were counterstained with hematoxylin, dehydrated, and mounted. This 
staining was performed by hand. Other IHC analysis of specimens 
without known p16-status was performed similarly with anti-p16INK4a 

primary antibody (ZYTOMED Systems, Berlin, Germany) in 1:800 
dilution and pretreatment at pH 9.0, automatically in Dako Omnis 
platform (Agilent, Waldbronn, Germany).

Quantification of HIF-1α expression was achieved by capturing dig-
ital images of the stained sections with a whole slide scanner Hama-
matsu NanoZoomer 2.0HT (Hamamatsu, Geldern, Germany). A semi- 
quantitative scoring method was utilized based on the prevalence and 
intensity of HIF-1α expression among the cells. Slides were reviewed 
independently by a gastrointestinal pathologist (SW), blinded to the 
clinical outcomes, and the percentage of tumor cells exhibiting nuclear 
or cytoplasmic HIF-1α staining was estimated. Next, the median in-
tensity of expression was determined using ImageJ software from 3 
representative areas from the sample using squamous epithelial tissue 
from the tonsils as a positive control. An average value of HIF-1α 
expression was calculated, representing the percentage of cells 
expressing HIF-1α and the intensity of expression. Subsequently, a 
Receiver Operating Characteristic (ROC) analysis was conducted uti-
lizing disease-free survival as a benchmark to dichotomize HIF-1α 
expression into ’low’ and ’high’ categories Fig. 2.

ASCC samples were subsequently analyzed for activating mutations 
in the PIK3CA gene. Tumor cell fraction was at least >20 % in all cases. 
DNA extraction from FFPE samples was done as described previously 
[15] Amplification of exon 4, exon 7, exon 9, and exon 20 of the PIK3CA 
gene by PCR was achieved using the primers shown in Table 1-Supple-
mentary. PCR conditions were as follows: 40 cycles at 95 ◦C for 40 s, 
60 ◦C for 40 s, and 72 ◦C for 40 s, followed by a final extension at 72 ◦C 
for 5 min. For exon 9 amplification, annealing was done at 55 ◦C. Sanger 
sequencing of PCR products was performed as described previously 

[15].
The patient data analyzed included demographic and clinical char-

acteristics such as age, sex, UICC 8th edition staging, and Body Mass 
Index (BMI). The locoregional relapse-free survival (LRRFS) was defined 
as the interval from completion of treatment to the first instance of 
disease progression or relapse within the pelvic region. Similarly, 
disease-free survival (DFS) was tracked as the duration from therapy 
conclusion to the onset of any recurrence, local or distant. Moreover, 
overall survival (OS) denoted the period from initial diagnosis to death 
by any cause.

Statistical analysis

The paired t-test was used to compare parametric data, whereas the 
Mann–Whitney U test was used to analyze non-parametric data. Kaplan- 
Meier survival curves were generated, and differences in survival dis-
tributions were assessed using the log-rank test. Cox regression analysis 
identified independent predictors of LRRFS, DFS, and OS. All statistical 
tests were two-sided, and a p-value of less than 0.05 was considered 
statistically significant.

Statistical analyses and graphical representations were performed 
using R software, version 4.3.1.

Results

We identified FFPE samples from 32 ASCC patients treated during 
the abovementioned period. However, we excluded three patients as 
their disease was metastatic at treatment initiation and another patient 
as the available specimen was obtained from a metastatic site (liver) 
later in the disease trajectory. Consequently, 28 patients met the in-
clusion criteria for our analysis. Table 1 provides an overview of patient 
and disease characteristics. The median age was 61, and the median 
expression of HIF-1α was 62.5 % (range 0–100 %).

The median applied radiation dose was 56 Gy; out of the cohort, 27 
patients underwent combined chemoradiation therapy (CRT), whereas 
one elder patient was treated with only radiotherapy. Of those receiving 
chemotherapy, 26 were given a regimen of fluoropyrimidine and 
mitomycin, while a single patient received fluoropyrimidine in combi-
nation with cisplatin.

The median follow-up time was 62.5 months, the median OS was 89 
months, and the median DFS and median LRRFS were reached during 

Table 1 
Baseline characteristics –, T: primary tumor stage, N: nodal stage, 
*UICC-TNM 8th classification, Gy: Gray.

Characteristics

Sex
Female 17 (60.7%)
Male 11 (39.3%)

median Age (range) 61 (35-83)
T-stage*

1 3
2 14
3 4
4 7

N-stage*
0 15
1 13

disease Stage*
Early (T1-2, N0) 11
Advanced (T3-4 or N1) 17

P-16 status
positive 22
negative 6

median radiation dose (range) 56 (46–46) Gy
concurrent chemotherapy

Yes 27
No 1
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the analysis.
The median HIF-1α expression was marginally significantly lower in 

females compared to males (p-value = 0.056), but no association was 
observed between the level of HIF-1α expression and tumor stage (p- 
value = 0.81) or p16 status (p-value = 0.15) (Fig. 2a–c). Further, a 
positive correlation was identified between BMI and HIF-1α expression 
(Pearson correlation, r = 0.5, p-value = 0.0084) (Fig. 2d), but there was 
no correlation between Age and HIF-1α expression (r = − 0.05, p =
0.79).

Out of the 28 tissue samples, only 17 were evaluable for mutations in 
the PIK3CA gene using PCR. Of these evaluable samples, only one (p16 
negative and 83 % HIF-1α expression) exhibited a mutation in exon 9 of 
the PIK3CA gene, affecting codon 545 (GAG > AAG). This well-known 
activating mutation leads to the amino acid substitution p.(Glu545Lys) 
in the helical domain of the catalytic subunit of PI3K.

Univariate analysis

ROC analysis was utilized to stratify HIF-1α expression into low and 
high categories based on DFS as the reference variable, identifying the 
optimal cutoff point. A threshold of 66.5 % emerged as the most effec-
tive, achieving an area under the curve (AUC) of 0.68, with corre-
sponding sensitivity and specificity values of 0.8 and 0.72, respectively, 
to detect the disease recurrence (Fig. 3a).

Employing the cutoff point, 15 patients expressed HIF-1α below 66.5 
% with two disease recurrence events (low HIF-1α expression), and 13 
patients with HIF-1α expression ≥66.5 % experienced eight disease 
recurrence events (high HIF-1α expression) (Fig. 3b). High HIF-1α 
expression was correlated with markedly poorer DFS, with a median DFS 
of 30.3 months, while not reached in those with low HIF-1α expression 
(p-value = 0.005) (Fig. 3c). Additionally, there was a significant 
reduction in LRRFS for the same group (median LRRFS of 30.3 months, 
not reached for low HIF-1α expression, p-value = 0.012, Fig. 3d). 
Furthermore, the median OS was 34.6 months for this group, whereas it 

was not reached in those with lower HIF-1α levels (p = 0.009, Fig. 3e).
Further univariate analysis, which incorporated the status of p16, 

revealed that p16-positive tumors exhibited significant improvements in 
DFS, LRRFS, and OS compared to p16-negative tumors, with p-values of 
0.033, 0.016, and 0.0038, respectively (Supplementary Fig. 1a–c). 
Conversely, stratifying patients into early-stage (T1/2, N0) versus 
advanced-stage (T3/4 and/or N1) categories did not demonstrate any 
statistically meaningful differences in DFS, LRRFS, and OS, with p- 
values of 0.77, 0.63, and 0.5, respectively (Supplementary Fig. 1d–f).

Multivariant analysis

Owing to the scarcity of events, a Cox regression analysis was con-
ducted using two predictors: p16 status (categorized as positive or 
negative) and HIF-1α expression (classified as either high or low). The 
analysis revealed that overexpression of HIF-1α was significantly asso-
ciated with poorer outcomes in OS, DFS, and LRRFS, with hazard ratios 
(HRs) of 1.6, 6.1, and 5.2, respectively. In contrast, tumors with positive 
p16 status exhibited a substantial improvement in OS (HR: 0.2), 
although the effects on DFS and LRRFS did not reach statistical signifi-
cance (HRs: 0.36 and 0.28, respectively) (Table 2).

Discussion

So far, studies examining the role of hypoxia in ASCC are limited. 
Lefèvre et al. previously investigated a 15-gene hypoxia classifier 
developed initially for head and neck squamous cell carcinoma in ASCC. 
However, they found no significant difference in locoregional control 
between more hypoxic and less hypoxic tumors [12].

As proof of concept, Bluemeke et al. showed dynamic tumor perfu-
sion during the treatment in ASCC by comparing T1-weighted images 
before beginning the therapy and after the second week of treatment for 
patients breathing normal air or 100 % oxygen, indicating a possible 
dynamic of perfusion and hypoxia through the treatment [16].

Fig. 1. Boxplots illustrate HIF-1α expression stratified by “a”: cancer stage (early and advanced), “b”: p16 status (positive and negative), and “c”: Sex (F: Female and 
M: Male), scatter plot diagram “d” showing the Correlation between HIF-1α expression and body mass index (BMI).
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HIF-1α plays a crucial role in the transcriptional regulation of key 
genes essential for tumor survival and advancement. Furthermore, HIF- 
1α is pivotal in modulating innate and adaptive immune responses and 
inflammation, establishing it as a significant transcriptional regulator of 
both immunity and inflammatory processes [17]. Its prognostic signif-
icance has been established in multiple cancer sites [18–22], but to the 
best of our knowledge, this has not been studied in ASCC.

The present study assessed the prognostic significance of HIF-1α 
expression in patients with ASCC undergoing curative RT/CRT, 
revealing a strong correlation between elevated HIF-1α levels and 
decreased survival rates across all parameters. These results highlight 
the potential of HIF-1α to serve as a valuable prognostic biomarker in 
ASCC. Remarkably, one case involved a female patient with a p16- 

Fig. 2. Examples of HIF-1α Immunohistochemical staining from 3 patients with 5 %, 60 %, and 100 expressions, “a–c” respectively.

Fig. 3. “a” ROC analysis of HIF-1α expression, using disease-free survival (DFS) as the benchmark, identifies the optimal cutoff point at 62.5 %. “b”: Histogram 
represents the distribution of HIF-1α levels across individual cases, with the dashed line indicating the established cutoff point at 62.5 %. Cases are ordered from 
lowest to highest expression levels of HIF-1α. The red bars signify cases with disease progression, and (*) signifies the patient with PIK3CA mutation. “c-e” Kaplan 
Meier curves show the difference for disease-free survival (DFS), the cumulative incidence of locoregional recurrence (LRR), and overall survival (OS), respectively, 
between low and high HIF-1α expression, * p-value < 0.05: statistically significant, log rank test.

Table 2 
Univariate (log rank) and cox regression analyses, hr: hazard ratio, * p-value <
0.05: statistically significant.

Univariate analysis (Log 
rank): p-value

Cox regression: HR

LRRFS DFS OS LRRFS DFS OS

T1/2, N0 vs T3/4 and/ 
or N1

0.63 0.77 0.5

p16-positive vs 
negative

0.016* 0.033* 0.0038* 0.28 0.36 0.2*

Low vs high HIF-1α 
expression

0.012* 0.005* 0.009* 5.2* 6.1* 1.6*
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positive tumor and elevated HIF-1α expression (95 %), who experienced 
disease recurrence 69 months post-treatment, suggesting a potential 
dormancy for hypoxic tumors and the necessity for long follow-up for 
those patients.

The current study showed a marginally significant increased HIF-1α 
expression in males compared to females; this finding may contribute to 
the common phenomenon of improved outcomes in females compared 
to males in ASCC [13,23]. Further, there was no significant correlation 
between HIF-1α levels and tumor stage, p16 status, or age. However, we 
identified a positive correlation between BMI and HIF-1α expression 
levels. This finding may help explain our earlier observations linking 
higher BMI with poorer survival outcomes [14] and confirm the link 
between obesity and HIF-1 α expression previously described [24]. The 
mechanisms underlying the link between HIF-1α level and BMI is not 
well understood, but previous research has associated HIF-1α over-
expression in tissues with obesity [28,29]. Given that BMI and obesity 
are modifiable risk factors, there is evidence about the role of physical 
activity, weight management, and lifestyle choices in altering cancer 
initiation and outcomes [25]. While the evidence in ASCC does not exist, 
numerous studies suggest that regular physical activity can lower the 
risk of developing various cancers, including those of the breast and 
prostate, by influencing metabolic and hormonal pathways [25–27].

Further, it is believed that hyperactivation of PI3K, leading to 
changes in the PI3K/AKT/mTOR signaling pathway, contributes to the 
development of cancer, especially in HPV-related cases [30–32]. The 
most frequent mutations activating this signaling pathway occur in the 
PIK3CA gene, which occurs in 10–25 % of ASCC [33,34] Also, PI3K/AKT 
activation could regulate the expression of HIF-1α [35]. However, in this 
analysis, an activating mutation in PIK3CA was identified in one patient 
(5.2 %), so a correlation with HIF-1α expression could not be 
established.

Limitation of the study

The study presents several limitations that may affect the interpre-
tation and generalizability of the findings. Firstly, the retrospective 
design inherently limits the ability to establish causality between HIF-1α 
expression levels and clinical outcomes. The study’s reliance on 
archived FFPE tissue samples could also introduce variability in protein 
integrity, potentially influencing immunohistochemistry results. 
Another limitation arises from the sample size; although 28 patients 
were included in the final analysis, this number might still be too small 
to detect subtle associations or to ensure robust multivariate analysis 
results.

Conclusion

This study has illuminated the prognostic significance of HIF-1α 
expression in ASCC patients treated with CRT, highlighting its potential 
as a biomarker for predicting treatment outcomes. High HIF-1α 
expression correlated with a heightened aggressive potential in ASCC, 
associated with poorer disease-free survival, locoregional relapse-free 
survival, and overall survival. These findings suggest that HIF-1α 
could be explored further as a prognostic factor in ASCC, potentially 
guiding the tailoring of management strategies (intensification for 
hypoxic tumors and de-escalation for normoxic ones). Future research 
should aim to validate these findings in larger, multicentric cohorts with 
longitudinal data to fully clarify the role of HIF-1α fully.
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