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Abstract
Introduction. Prolyl 4-hydroxylase, beta polypeptide (P4HB) has previously been identi�ed by our group to
play important roles in association with glioma malignancy and temozolomide (TMZ) resistance through
the unfolded protein response (UPR). The present study focused on the prognostic value of P4HB in
glioma.

Methods. P4HB expression was assessed by immunohistochemical staining and semi-quanti�ed by
pathologist visual scoring in 73 WHO grade I-IV gliomas. Results were correlated with clinicopathological
data.

Results. Our results show that P4HB expression was signi�cantly associated several clinicopathological
parameters including age (p=0.035), tumour grade (p=0.002), and the number of TMZ treatment cycles
received (p=0.043). Using Kaplan-Meier analysis, P4HB expression was positively correlated with
mortality (p=0.014) and disease progression (p=0.026). In patients treated with TMZ, high P4HB
expression level was signi�cantly associated with poorer overall survival (OS) (p=0.014) and progression
free survival (PFS) (p=0.027). The association between MGMT promoter methylation and P4HB
expression was also interrogated. Patients with MGMTMethP4HBLow tumours had the most favourable
progression free survival (48 months) than patients with other combination of MGMT methylation status
and P4HB expression (log rank p=0.001). Multivariate analysis revealed that P4HB was an independent
prognostic indicator for OS (p=0.048).

Conclusions. P4HB could constitute an independent prognostic marker, especially for high grade glioma
with the potential for informing a nuanced pathological strati�cation during clinical decision-making with
respect to MGMT promoter methylation status and TMZ treatment.

1. Introduction
Malignant glioma is the most common subtype of primary brain tumour in adults, with an overall survival
of approximately 18 months [1]. Temozolomide (TMZ), an oral DNA alkylating agent, has been the current
standard of care. In the standard regimen after maximal surgical resection, patients would receive
concomitant chemoradiotherapy with TMZ (75mg/m2), followed by adjuvant TMZ (150-200mg/m2) for 6
cycles [2]. Despite promising results in improving patient survival, drug resistance and tumour relapse is
almost inevitable. The expression of DNA damage repair enzyme O6-methylguanine-DNA
methyltransferase (MGMT) in glioma cells may also protect cells from alkylating drugs including TMZ [3]
whereas a methylated MGMT gene promoter may inactivate MGMT expression, leading to a greater
therapeutic response to TMZ. MGMT methylation status has thus been adopted as an useful prognostic
and predictive biomarker for better patient management.

The endoplasmic reticulum (ER) stress response and the associated unfolded protein response (UPR)
represent one major mechanism in the development of TMZ-resistance in glioblastoma [4]. In cancer
cells, adaptive ER stress response due to prolonged ER stress (e.g. caused by hypoxia and glucose
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deprivation) is a common feature, and chronic ER stress imposed by long term chemotherapeutic
treatments may protect against further insults by tipping the balance in favour of a pro-survival UPR
response [5]. Cancer cells with constitutive activation of ER stress response and upregulation of ER
chaperone have been found to better tolerate chemotherapies [4, 6]. One of the ER chaperone proteins,
P4HB (prolyl 4-hydroxylase, beta polypeptide), was shown to play critical roles in TMZ-resistance and
contribute to glioma recurrence driven by ER stress response. Signi�cant upregulation of P4HB
expression was found in patients with recurrent glioma as well as in TMZ-resistant xenografts [7, 8].
P4HB gene silencing also enhanced cellular apoptosis in TMZ-resistant glioma cells [4]. Furthermore,
Xipell et al. demonstrated the adjuvant effect for TMZ treatment through targeting ER stress, where
MGMT expression was reduced following a combinatorial treatment regimen [9], suggesting a dual effect
in sensitizing tumours to TMZ by mediating ER stress-induced apoptosis as well as limiting the DNA
damage repair by MGMT.

ER chaperones have emerged as predictive markers for treatment response. Given that P4HB is
associated with glioma malignancy and TMZ-resistance, we evaluated whether the assessment of P4HB
expression could provide valuable clinical information in predicting TMZ response and patient survival,
irrespective of MGMT promoter methylation status. In this article, we will also discuss and highlight the
potential application of P4HB as a novel biomarker to further stratify glioma patients into more clinically
relevant entities.

2. Materials And Methods

2.1 Study population
This is a retrospective study on 73 patients (mean age: 47.3 ± 14.9 years) with gliomas (WHO grade I,
4.1%; WHO grade II, 17.8%; WHO grade III, 19.2% and WHO grade IV, 58.9%). Clinical data were retrieved
for statistical analysis including patient’s demographic data, tumour characteristics (i.e. lesion sites,
pathological classi�cation, WHO grade), treatment approaches after surgical resection (radiotherapy
and/or chemotherapy), number of TMZ cycles received (≤ 6 or > 6), MGMT promoter methylation status,
overall survival (OS), and progression free survival (PFS). All patients had their diagnosis con�rmed by a
specialist in pathology. The study was approved by the Institutional Review Board of our institution, and
all tissues were collected with signed informed consent from patients.

2.2 P4HB Immunohistochemical Assay
Immunohistochemical staining procedures were performed according to the protocol described in our
previous study [8]. Para�n sections were depara�nized in xylene and rehydrated in a descending ethanol
series. Heat-induced antigen retrieval was performed and sections were quenched from endogenous
tissue peroxidase by 3% hydrogen peroxide. After blocking with 5% normal goat serum (Dako, Glostrup,
Denmark), sections were immunostained with rabbit monoclonal anti-P4HB (Cell Signalling Technology
Inc., Danvers, MA, USA) at 4oC overnight. After incubation with HRP-conjugated antibody (Invitrogen-
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Zymed Laboratories, South San Francisco, CA, USA) for 1 hour, signal was detected using EnVisionTM+

Kit (Dako). P4HB expression was assessed semi-quantitatively by two experienced pathologists. Ten
random high-powered �elds were examined under a light microscope (Olympus, Waltham, MA). The
staining intensity was assigned a score of 0 (negative), 1 (weak), 2 (moderate), 3 (strong). The
proportional of stained tumour cells was scored as 0 (0%), 1 (1–25%), 2 (26–50%), 3 (51%-75%) and 4 (> 
75%). The multiplication of these two variables was calculated as the �nal score. Samples were
considered positive if the score exceeded the median value.

2.3 Statistical analysis
SPSS 18.0 (SPSS Inc., Chicago, IL) was used for statistical analysis. The difference between two sets of
data was analyzed by Chi-Square test or independent sample t-test. Kruskal-Wallis Test was used to
compare differences of more than two groups of data. In the Kaplan-Meier survival analysis, patients
were dichotomized into two groups and survival difference between groups was assessed by log-rank
test. Risk factors for mortality after treatment were identi�ed by univariate and multivariate analysis
using Cox proportional hazards regression model. The Pearson correlation analysis was used to correlate
P4HB expression with promoter DNA methylation and TMZ treatment. All statistical tests were two-sides,
and a P value < 0.05 was considered statistically signi�cant.

3. Results
3.1 Clinical correlation of P4HB level

P4HB has previously been identi�ed by our group to be dysregulated in high grade glioma. In this study,
we further analyzed its correlative relationship with other clinicopathological parameters in 73 glioma
patients with complete clinical follow-up using immunohistochemical staining.  Consistent with our
previous �ndings, P4HB expression was signi�cantly correlated with malignancy grade (p=0.002) (Table
1). WHO grade IV glioma showed the highest expression of P4HB among all WHO grades of glioma
(Fig.1a). Chi-Square test revealed that high P4HB expression level was signi�cantly associated with
glioma patients who were greater than 55 years of age (p=0.035); patients who received radiotherapy
(p=0.007) and chemotherapy (p=0.036); and patients who received a greater number of TMZ treatment
cycles (> 6) (p=0.043) (Table 1).  

3.2 Prognostic value of P4HB in glioma

To explore the prognostic value of P4HB in glioma, we dichotomized all the patients into two groups,
P4HBLow and P4HBHigh, using the median of P4HB expression level obtained from immunohistochemical
staining. By Kaplan-Meier analysis, patients of the two groups differed signi�cantly in OS duration; the
median survival of patients with a high level of P4HB was around 16 months, signi�cantly shorter than
patients with a lower level of P4HB (131 months, log rank p=0.015, Fig.1b). To avoid potential bias due to
relatively low P4HB expression in less malignant gliomas, and to identify a meaningful subgroup for the
clinical predictive value of P4HB, only WHO Grade III and IV were included for subsequent analysis
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(n=57).  Similar results were obtained, showing that high P4HB would predict poorer survival and vice
versa (P4HBLow 20 months; P4HBHigh 13 months, log rank p=0.014, Fig.1c).     

To further investigate the prognostic value of P4HB in the prediction of PFS, Kaplan-Meier survival was
conducted in the same dataset of WHO III and IV gliomas. Results demonstrated that the subgroup with
low P4HB expression was associated with longer time to progression whereas high P4HB demonstrated
shorter time to progression (P4HBLow:12 months; P4HBHigh:6 months, log rank p=0.026, Fig.1d).  

3.3 P4HB shows superiority in predicting survival in TMZ treated population

Whilst several chemotherapeutic agents are available for the treatment of glioma [10], TMZ is the most
widely used and a FDA approved �rst-line chemotherapeutic [11, 12]. In our dataset, patients who received
TMZ exhibited a longer overall survival (20 months) than those who did not (11 months; p=0.001, Fig.2a).
Patients who were on TMZ treatment expressed a signi�cant level of P4HB compared to those who did
not receive TMZ (p=0.042, Fig.2b). We then separated the patients into those who had received TMZ
treatment and those without in order to interrogate the prognostic value of P4HB with regard to TMZ
treatment. Among patients who had received TMZ, a high level of P4HB expression was found to be
signi�cantly associated with shorter OS than those with a lower level of P4HB expression (p=0.014, Fig.
2c), whereas no such association was found in patients who received no TMZ therapy, suggesting that a
potential relationship between TMZ chemotherapy response and P4HB expression (Fig.2d). The same
was observed in regard to PFS: high P4HB expression level was associated with shorter PFS (8 months)
than those with low P4HB expression in patients treated with TMZ (39 months; p=0.027) but not in those
who did not receive TMZ therapy (Fig.2e & 2f). The overall �ndings are suggestive of a prominent
predictive impact of P4HB in a subset of high-grade glioma patients who received TMZ therapy. 

3.4 P4HB predicts survival in patients with methylated MGMT

MGMT is a DNA repair enzyme that can effectively reverse DNA damages induced by TMZ, and MGMT
promoter methylation status has a signi�cant impact on glioma patient survival. High level of MGMT
activity can render tumours resistant to alkylating agents and may therefore serve as both a predictive
and prognostic molecular marker in high-grade glioma. As expected our data showed a signi�cant
difference in OS for patients with tumours exhibiting MGMT methylation compared to those without,
regardless of treatment received in this subset of high-grade glioma patients (MGMTmeth:47 months;
MGMTUnmeth:16 months, log rank p=0.002, Fig.3a). There was a signi�cant correlation between TMZ
treatment and better survival in patients with methylated MGMT (Pearson correlation; p=0.0001, r=0.523).
We then investigated the relationship between MGMT methylation status and P4HB expression.
Signi�cant difference in OS was observed between P4HBLow (254 months) and P4HBHigh groups (8
months) in patients with methylated MGMT tumours (p=0.002; Fig.3b), whereas patients with
unmethylated MGMT tumours showed no signi�cant difference in OS between P4HB subgroups (data
not shown). By Cox proportional hazards model, P4HB expression could signi�cantly distinguish between
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patients with methylated MGMT tumours by OS (HR=4.261, 95% CI=1.312-13.846, p=0.016) but not in
those with unmethylated MGMT lesions (HR=1.038, 95% CI=0.372-2.892, p=0.944). 

MGMT is a well-established biomarker for the prediction of TMZ treatment response, and high P4HB
expression has previously been identi�ed by our group to be associated with TMZ resistance both in vitro
and in vivo. Here, we further investigated the interrelationship between MGMT promoter methylation and
P4HB expression by Kaplan Meier analysis on PFS.   Patients were divided into four groups depending on
the expression of the two markers. Among the forty-two TMZ-treated patients with high
glioma, MGMTMethP4HBLow gave the best PFS (n=11; 48 months), followed by MGMTMethP4HBHigh (n=15;
7 months), MGMTUnmethP4HBLow (n= 2; 6 months), and MGMTUnmethP4HBHigh (n=14; 4 months; Fig.3c).
The results suggest that P4HB may be used to assist survival prediction in patients with methylated
MGMT by identifying certain patients who would nonetheless respond poorly to TMZ. 

3.5 P4HB in prediction of response to TMZ in high-grade glioma  

Since we found that P4HB expression was signi�cantly associated with both OS and PFS exclusively in
patients treated with TMZ, and that P4HB may play important roles in affecting glioma malignancy and
TMZ resistance both in vitro and in vivo, we further investigated the clinical signi�cance of P4HB in
predicting TMZ treatment response. 

Among the 57 high-grade glioma patients, 37 patients had been treated with adjuvant TMZ, and 19
patients with high P4HB expression were found to show on-treatment disease progression. The latter
group exhibited a mean value of 6.74 P4HB expression, which was almost double that in those who
showed favourable responses to TMZ (P4HB mean value = 3.25). High expression of P4HB was
signi�cantly associated with on-treatment disease progression (p=0.020) (Fig.3d).

3.6 P4HB is an independent prognostic factor for high-grade glioma 

Clinicopathological factors affecting OS and PFS in patients with high-grade glioma were examined
(Table 2). Univariate analysis showed that age at diagnosis (p=0.005), WHO grade (p=0.000),
chemotherapy (i.e., TMZ)(p=0.001), MGMT methylation status (p=0.004), and P4HB expression level
(p=0.018) were signi�cantly associated with OS. Multivariate analysis using Cox regression model
demonstrated that not only WHO grade (p=0.002) and chemotherapy (TMZ) (p=0.001), but also P4HB
expression level were independent prognostic markers by OS (p=0.048). Patients with high P4HB
expression also had less favorable PFS outcomes compared to those with low P4HB expression. On
univariate analysis, WHO grade (p=0.007), MGMT (p=0.010), the number of TMZ cycles (p=0.020) and
P4HB expression (p=0.035) were signi�cant prognostic factors by PFS. Multivariate analysis showed that
among all prognostic factors, whilst P4HB expression level did not reach statistical signi�cance, it was
the only factor showing marginal association with PFS, suggestive of its potential as an independent
prognostic factor in terms of PFS (Table 2).  

Discussion
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TMZ has been widely used for treating primary and recurrent high-grade gliomas. However, the e�cacy of
TMZ is often limited by the development of chemo-resistance. Intertumoral heterogeneity between glioma
patients, such as epigenetic silencing of MGMT is the most studied mechanism and is a promising
predictive marker for TMZ response [13]. Whilst the prognosis of high-grade malignant glioma patients is
generally poor (with median OS <16 months in our cohort), we found that it is possible to further identify
subgroups of patients with differing prognoses according to P4HB expression, on top of MGMT promoter
methylation status. As a key member of the protein disul�de isomerases (PDI) family, P4HB acts as a
chaperone mediator in the UPR and modulates ER stress response similar to GRP78, which is a master
regulator of UPR [14]. Activation of UPR via inhibition of chaperone proteins has previously been
identi�ed to be associated with a reduction in DNA repair capacity [15], and may create vulnerabilities
that sensitize aggressive tumours to cytotoxic drugs and prevent cancer progression and/or
recurrence [16, 17].  

P4HB was previously identi�ed by our group to possess oncogenic (pro-survival) properties in malignant
glioma [7]. PDI has recently been reported as promising target for survival prediction and tumour
progression in glioma [18]. However, the reported �ndings were limited to bioinformatics modeling of
gene expression using datasets from TCGA and CGGA database; no clinical specimens were involved in
the study. Here, glioma cohort with 73 patients were included in the current study to evaluate the
prognostic signi�cance of P4HB. Our �ndings were consistent with the literature that showed
upregulation of P4HB in high-grade gliomas when compared to low grade lesions. Moreover,
overexpression of P4HB was signi�cantly associated with several clinical parameters including older age
and the prolonged use of TMZ, which may be indicative of a more aggressive tumour that required
extended treatment. 

We found that P4HB expression can be used to predict OS and PFS in patients with malignant glioma
treated with TMZ. The predictive value of P4HB was especially prominent in subgroups of TMZ-treated
malignant glioma population than those who did not receive TMZ. This could be explained by the poor
pre-existing neurological or general condition of the patients who were not �t for chemotherapy, as the
median OS in both P4HBlow and P4HBhigh patients in the non-TMZ-treated group were only 10 and 12
months, respectively. It is important to note that, the median OS in P4HBlow patients were signi�cantly
longer (254 months) than in P4HBhigh patients (14 months), suggesting that tumours with low P4HB may
be more responsive to TMZ treatment compared to tumours with P4HB upregulation. In other words,
overexpression of P4HB may confer resistance to chemotherapies secondary to increased ER stress and
UPR. Indeed, aberrant expression of P4HB was found to be associated with TMZ-resistant D54 and U87
glioma cells lines [7]. Furthermore, inhibition of P4HB could attenuate TMZ resistance [4] whereas
overexpression could promote malignancy via MAPK signaling [8]. Chronic TMZ treatment may also
exacerbate drug resistance by further upregulating P4HB expression [4].

Strikingly, P4HB expression level enabled the strati�cation of treatment outcome towards TMZ within the
methylated MGMT population. Whilst MGMT promoter methylation status retained signi�cance in
predicting treatment response, P4HB expression was found to have additional value, when used alone or
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in combination with MGMT methylation status, for identifying patients at risk of adverse health
outcome [19]. Notably, the use of P4HBLow in conjunction with MGMTMeth gave the strongest predictive
power for PFS in TMZ-treated malignant glioma patients whereas P4HBHigh MGMTUnmeth tumours are
more likely to show suboptimal response to TMZ. It is noteworthy that MGMT promoter methylation
status may be altered upon tumour recurrence. Kohsaka et al. demonstrated upregulation of MGMT
protein expression during the acquisition of TMZ resistance in U87 glioma cells [20]. Whilst it was unclear
whether this was the result of MGMT promoter unmethylation, the increase in MGMT expression during
the course of TMZ treatment appeared to further reduce TMZ responsiveness. 

It is a common observation that initially TMZ-sensitive malignant glioma may eventually become
resistant, partly due to the restoration of MGMT activity [21]. Our �ndings suggest that P4HB expression
could be used to identify tumours likely to bene�t from prolonged TMZ treatment even before recurrence.
For recurrent diseases, rechallenge with TMZ is a commonly adopted strategy but no reliable predictive
factors have been identi�ed so far [22]. We surmise that P4HB expression could be used to identify
recurrent tumours that might still respond favourably to TMZ rechallenge. And our �ndings have the
potential for informing future treatment paradigm. While the strati�cation of patient subgroups by P4HB
were primarily based on MGMT methylation status, the clinical signi�cance of P4HB maybe limited by
the small cohort size and missing clinical parameters such as extent of resection and other prognostic
markers including IDH mutation status. Future studies may also include molecular investigations to
determine drug response upon P4HB inhibition in glioma.  

Conclusion
P4HB is a component of UPR that plays important roles in mediating glioma survival, therapeutic
resistance, and tumour progression. In this context, P4HB expression has been shown to be signi�cantly
associated with PFS and OS in malignant glioma patients and can be used as an independent prognostic
marker. P4HB can be used singly or in combination with MGMT to stratify patients who are good
responders to glioma therapeutics. Furthermore, P4HB expression may also inform a more nuanced
approach to the use of extended TMZ regimen as well as TMZ rechallenge. Future research may be
conducted in a larger and standardized cohort, and evaluate the association between P4HB expression
and other important biomarkers, that eventually give rise to fruitful clinical translations.
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Figures

Figure 1
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High P4HB expression is associated with poor glioma patient outcome in clinical cohort a)
Immunohistochemical staining of P4HB shows that P4HB expression was signi�cantly upregulated with
the ascending tumour grades (n=73; p= 0.0001). Kaplan-Meier survival analysis after classifying patients
into two groups P4HBLow and P4HBHigh based on immunohistochemical staining scores. Overall
survival prediction in b) All WHO grades gliomas (n=73), c) WHO grade III and IV gliomas (n=57).
Progression-free survival prediction in d) WHO grade III and IV gliomas (n=57). Log rank test was
performed to determine the p-value indicated on the graphs.
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Figure 2

P4HB predicts survival in TMZ treated population a) Kaplan-Meier survival curves showed that patients
who received TMZ chemotherapy revealed better overall survival than patients who did not receive TMZ
(p=0.001). b) The use of TMZ chemotherapy was signi�cantly associated with higher P4HB expression
(p=0.042). c) Better overall survival outcome was revealed in TMZ treated population who have a low
P4HB expression (P4HBLow) than those with a higher P4HB expression level (P4HBHigh). d) Patients
without TMZ treatment, no signi�cant difference was observed in OS. Progression free survival by
Kaplan-Meier analysis shows that e) Patients who received TMZ treatment demonstrated better survival
in P4HBLow group than P4HBHigh group (p=0.027) whereas f) No signi�cant difference was
demonstrated between P4HBLow and P4HBHigh groups in non-TMZ treated population.

Figure 3
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P4HB predicts TMZ treatment response in patients with methylated MGMT a) Kaplan-Meier survival
curves showed that patients who exhibited methylated MGMT in their tumours revealed better overall
survival outcome than patients who had unmethylated MGMT in the glioma lesions (p=0.002). b)
P4HBLow predicts better survival outcome in patients with methylated MGMT compared to P4HBHigh
group (p=0.002). c) Progression free survival shows MGMTMeth P4HBLow exhibited the best survival
outcome among the different combination of MGMT methylation status and P4HB expression (p=0.001).
d) High P4HB expression was signi�cantly associated with increased number of patients relapsed during
TMZ treatment (p=0.020).
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