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Bladder cancer (BCa) is the second most common urological malignancy, but the techniques used
today to detect and monitor BCa are frequently invasive and/or have inadequate sensitivity and
specificity. Therefore, it is imperative to create a noninvasive test that is both sensitive and accurate for
diagnosing BCa. This research introduces and validates the diagnostic performance of H4C6/SOX1-OT
gene methylation in the diagnosis of BCa based on urine samples by designing two parts of studies: the
case-control study and the prospective validation study. In the case-control study, the methylation test
of H4C6/SOX1-OT achieved a sensitivity/specificity/positive predictive value (PPV)/negative predictive
value (NPV) of 87.9%(95%Cl, 79.4%—-93.3%)/90.4%(95%Cl, 80.7%-95.7%)/92.6%(95%Cl, 84.8%—
96.7%)/ 84.6%(95%Cl, 74.3%-91.5%) (kappa value 77.6%). The sensitivities for low grade, high grade,
Ta-T1, and T2-T4 were 85% (17/20), 88.6% (70/79), 85.4% (41/48) and 92.6% (25/27). Statistical analysis
showed the diagnostic sensitivity of test was not affected by sex, age, tumor grade or tumor stage
(P>0.05). In the prospective validation study, the H4C6/SOX1-OT methylation test yielded an overall
sensitivity/specificity/PPV/NPV of 84.8%(95%Cl, 67.3%-94.3%)/90.0%(95%Cl, 75.4%-96.7%)/87.5%
(95%Cl, 70.1%-95.9%)/84.6% (95%Cl, 73.0%-95.4%) (kappa value 75.0%), indicating 38.4% of spared
cystoscopy. These findings highlight the potential of the H4C6/SOX1-OT methylation in urine DNA as

a promising molecular diagnostic tool for detecting BCa, especially for early-stage tumors, which may
reduce the need for cystoscopy.
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Bladder cancer (BCa) is the second most common urological malignancy after prostate cancer in the world,
which the incidence increases with age, and it is 3 times more common in men than in women'. According
to the global data in 2020, BCa has globally resulted in an estimated 573,278 new cases and approximately
212,536 deaths worldwide each year, which poses a serious threat to public health!. Among BCa patients, about
75%-80% had non-muscle-invasive cancer (NMIBC), and 70% of these tumors will recur, and 15% will progress
in stage and grade®. Therefore, strict monitoring and accurate diagnoses are essential for BCa management
decision-making.

Although some risk factors, such as smoking and exposure to carcinogens, have been identified, effective
strategies for early detection are still not available. Visible hematuria is the most common symptom of BCa
in about 80%-90% of patients, but it would be disturbed by a series of benign urinary diseases, and only 10%
of hematuria patients would finally be diagnosed with BCa3~>. Currently, cystoscopy is the gold standard tool
for BCa diagnostics containing high sensitivity but often associated with invasiveness, cost, and discomfort®-.
Cytology, frequently used as an adjunct to cystoscopy, is highly specific (85%-100%)°. But for diagnosis of low-
grade (LG) and carcinoma-in-situ (CIS) tumors, cystoscopy lacks specificity, while cytology limits sensitivity
(15%-75%)%719-12, The US Food and Drug Administration has approved many urine-based biomarker assays to
diagnose BCa, including BTA, NMP22, and the UroVysion fluorescence in situ hybridization (FISH). However,
due to their low sensitivity and high false-positive rate, these markers were limited in their ability to detect BCa
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during the first diagnosis'?>"1°. Considering these caveats, there is an urgent need to implement reliable, more
affordable, and less invasive techniques for the diagnosis of all stages of BCa, particularly early-stage tumors,
which in turn could enhance disease treatment.

Aberrant DNA methylation, a key epigenetic process that deactivates tumor suppressor or cancer-associated
genes, is a prevalent molecular change in carcinogenesis and has been investigated as a potential diagnostic
marker in several tumors'®!. Over the years, numerous studies have investigated aberrant urine-DNA
methylation biomarkers for BCa detection, achieving favorable preliminary results!®. The Bladder EpiCheck
test, based on 15 DNA methylation biomarkers for surveillance of BCa recurrence using urine DNA, generated
an overall sensitivity of 68.2% and specificity of 88.0%, and has been included in the European Association
of Urology guidelines for clinical practice®, giving recognition to BCa diagnostics by using urine-methylation
markers. However, these assays” performance still needs to be enhanced, and routine clinical practice in Asia has
not fully embraced their validation.

The gene of H4C6 (H4 Clustered Histone 6) has been reported significantly higher in bladder tumor tissue
samples'®. Nonetheless, there is no study about H4C6 methylation detection in urine DNA for BCa diagnosis.
In this study, we tried to investigate the urine-based H4C6 methylation target combined with SOX1-OT, another
marker that has been verified to distinguish patients with BCa?’, and validate their diagnostic ability for patients
with BCa.

Results

Study subject characteristics

The demographic characteristics of the candidates are shown in Table 1. The retrospective case-control study
contained 172 cases, of which 99 (57.6%) had BCa and 73 (42.4%) formed the non-BCa group. The average age of
the patients with BCa was 65.1 years (range, 40 to 85 years), which consisted of 74 (74.8%) men and 25 (25.2%)
women. Of BCa cases, 20 (20.2%) were low grade cases and 79(79.8%) were high grade cases. The average age of
the non-BCa group was 53.9 years (range, 23 to 86 years); and the non-BCa group consisted of 48 (65.8%) men
and 25 (34.2%) women. In the validation set study, a total of 73 participants were enrolled and 33 (45.2%) had
BCa and 40 (54.8%) had no BCa. The average age of the patients with BCa was 65.3 years (range, 38 to 91 years),
which consisted of 25 (75.8%) men and 8 (24.2%) women. Of BCa cases, 3 (9.1%) were papillary urothelial
neoplasms of low malignant potential (PUNLMP), 6 (18.2%) were low grade cases and 24 (72.7%) were high
grade cases. The average age of the non-BCa group was 53.9 years (range, 24 to 84 years); and the non-BCa
group consisted of 25 (62.5%) men and 15 (37.5%) women. Of total 132 BCa patients, 31 patients’ tumor stage
information was missing.

Performance of H4C6/SOX1-OT methylation detection for BCa diagnosis

In the training set, H4C6/SOX1-OT methylation tests were proceeded in all those cases. As hematuria is a
prevalent symptom of bladder malignancy, we firstly analyzed whether the relative methylation levels of H4C6
and SOX1-OT would be different between patients had hematuria and had no hematuria. Data showed that the
methylation level of H4C6 and SOX1-OT between the two groups had no difference within the BCa group or the
non-BCa group, indicating the methylation level of H4C6 and SOX1-OT would not be influenced by hematuria

Training set, 1(%) Validation set, n(%)
Characteristics BCa (n=99) | Non-BCa(n=73) | BCa (n=33) | Non-BCa (n=40)
Sex
Male 74 (74.8) 48 (65.8) 25(75.8) 25 (62.5)
Female 25(25.2) 25(34.2) 8(24.2) 15 (37.5)
Age, mean (range), years | 65.1 (40-85) | 53.9 (23-86) 65.3 (38-91) |53.9 (24-84)
Grade
PUNLMP 0 (0.0) NA 3(9.1) NA
Low 20(20.2) NA 6(18.2) NA
High 79 (79.8) NA 24 (72.7) NA
TNM
Ta 15(15.2) NA 6(18.2) NA
T1 33 (33.3) NA 11(33.4) NA
T2 17 (17.2) NA 5(15.2) NA
T3 4(4.0) NA 2(6.0) NA
T4 6(6.1) NA 2(6.0) NA
Unknown 24 (24.2) NA 7(21.2) NA
Hematuria
Yes 91 (91.9) 45 (61.6) 30 (90.9) 26 (65.0)
No 8(8.1) 28 (38.4) 3(9.1) 14 (35.0)

Table 1. Patients’ characteristics in this study. BCa bladder cancer, Non-BCa inculding benign bladder disease
and normal patients, NA not available.
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(Fig. 1A). Later, results demonstrated that the relative methylation levels of H4C6 and SOX1-OT were higher in
BCa patients when compared to the methylation levels in non-BCa patients (P < 0.05) (Fig. 1B,C). Moreover, the
relative methylation level of H4C6 showed higher in all stages and grades of tumors, but no difference within
all stages or grades (Fig. 1B). Similar results were also seen on SOXI-OT, but tumors with T3-T4 and unknown
stages were not significantly different from the control group (Fig. 1C). The ROC curve analysis revealed that the
cut-off value of H4C6 and SOXI-OT were both defined as 38.0, resulting in the area under the curve (AUC) as
follows: the H4C6 was 0.838 (95% CI, 0.776-0.899) and the SOX1-OT was 0.732(95% CI, 0.658-0.807) (Fig. 1D).
According to the cut-off value, we defined the methylation test as positive if the Ct value of H4C6<38.0 and/
or SOXI-OT<38.0. Based on that rule, H4C6/SOXI-OT methylation was positive in 87/99 tumors. Compared
to clinical diagnosis, H4C6/SOX1-OT methylation test based on urine-DNA vyielded a sensitivity of 87.9%
(87/99, 95% CI, 79.4%-93.3%), a specificity of 90.4% (66/73, 95% CI, 80.7%-95.7%), positive predictive value
(PPV) of 92.6% (87/94, 95% CI, 84.8%-96.7%) and negative predictive value (NPV) of 84.6% (66/78, 95% CI,
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Fig. 1. Results of the H4C6/SOX1-OT methylation in urine DNA using linear target enrichment followed by
quantitative methylation-specific PCR in a case-control study. (A) The relative methylation levels of H4C6 and
SOXI-OT in BCa and non-BCa patients with or without hematuria. The relative methylation levels of H4C6
(B) and SOXI-OT (C) in urine samples collected from training set patients. The relative methylation levels
were expressed as 40-ACt values for each sample. A higher 40-ACt value indicates a higher relative methylated
level of H4C6 or SOX1-OT. (D) Receiver operating characteristic (ROC) curve of H4C6/SOX1-OT for
detecting all BCa from patients without BCa (including bladder benign disease and normal patients). *P <0.05
(Kruskal-Wallis test). BCa+/-, BCa patients with hematuria/ without hematuria; Non-BCa+/-, patients without
BCa had hematuria/ had no hematuria; Low, low grade; High, high grade.
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Clinical diagnosis
Methylation | Positive | Negative Total
Positive 87 7 94
Negative 12 66 78
Total 99 73 172
n/N % (95% CI)

Sensitivity 87/99 87.9 (79.4-93.3)
Specificity 66/73 90.4 (80.7-95.7)

PPV 87/94 92.6 (84.8-96.7)
NPV 66/78 84.6 (74.3-91.5)
Kappa value 77.6

Table 2. The diagnosis performance of H4C6/SOX1-OT methylation for BCa (training set). PPV positive
predictive value, NPV negative predictive value.

Training set Validation set

Parameters Samples tested, n | H4C6/SOX1-OT methylation positive, n (%) | P value* | Samples tested, n | H4C6/SOX1-OT methylation positive, n (%) | P value*
Gender
Male 74 65 (87.8) 25 20 (80.0)

1.000 0.302
Female 25 22 (88.0) 8 8(100.0)
Age (years)
<60 27 25(92.6) 9 7 (77.8)

0.503 0.597
>60 72 62 (86.1) 24 21(87.5)
Grade
PUNLMP-Low | 20 17 (85.0) 9 6 (66.7)

0.704 0.111
High 79 70 (88.6) 24 22 (91.7)
TNM
Ta-T1 48 41 (85.4) 17 15 (88.2)

0.475 0.591
T2-T4 27 25 (92.6) 9 7 (77.8)

Table 3. The relationship between clinicopathologic parameters and H4C6/SOX1-OT methylation in urine
sediments from patients with BCa included in the training set and the validation set. *P value was calculated
by Chi-square Kappa test or Fisher exact test.

74.3%-91.5%), respectively (kappa value 77.6%) (Table 2). The sensitivities for low grade, high grade, Ta-T1,
and T2-T4 were 85.0% (17/20), 88.6% (70/79), 85.4% (41/48), and 92.6% (25/27). Statistical analysis showed
the diagnostic sensitivity of test was not affected by sex, age, tumor grade or tumor stage (P>0.05), indicating
the good ability of H4C6/SOX1-OT methylation biomarkers in diagnosing BCa, including early stages (Table 3).

Clinical validation of the H4C6/SOX1-OT methylation test for selecting BCa

To validate the performance of the H4C6/SOX1-OT methylation test in selecting BCa, the prospective study was
designed and comprised samples collected from 73 patients before cystoscopy. Of the total 73 patients, 33 were
diagnosed with BCa by cystoscopy/histopathology. Both the relative methylation level of H4C6 and SOXI-OT in
DNA derived from urine sediment were significantly higher in patients with BCa than patients without BCa, but
the results of relative methylation level within different stages or grades did not showed the same difference like in
the training set maybe because of the sample size (Fig. 2A,B). Clinical performance was also analyzed according
to the cut-off value of 38.0 defined in the training set. Surprisingly, in the validation set, the H4C6/SOX1-OT
methylation test correctly predicted 28 of the 33 patients and yielded an overall sensitivity of 84.8% (28/33, 95%
CIL, 67.3%-94.3%), a specificity of 90.0% (36/40; 95% CI, 75.4%-96.7%), a PPV of 87.5% (28/32, 95% CI, 70.1%-
95.9%), and a NPV of 84.6% (36/41, 95% CI, 73.0%-95.4%) with a kappa value of 75.0% (Fig. 2C; Table 4).
Moreover, the methylation test probably could lead to a reduction of 38.4% in the unnecessary referral rate of
cystoscopy, but further clinical data is needed for verification(Table 4). To be noted, the diagnositic sensitivity
of the test still was not affected by sex, age, tumor grade, or tumor stage (P> 0.05) (Table 3). The validation part
of the study further verified the ability of urine-based H4C6/SOX1-OT methylation markers in the detection of
BCa, especially for early BCa.

Discussion

Currently, cystoscopy is still the main detection method for BCa. The lack of effective triage tools may lead to
delayed diagnosis and poor prognosis. Hence, it is urgent to investigate an accurate, non-invasive and cost-
effective diagnostic method with high sensitivity, PPV and NPV to ensure a low chance of missing low and early
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Fig. 2. Clinical validation of the H4C6/SOX1-OT methylation in urine DNA using linear target enrichment
followed by quantitative methylation-specific PCR in a prospective study. The relative methylation levels of
H4C6 (A) and SOX1-OT (B) in urine samples collected from validation set patients. The relative methylation
levels were expressed as 40-ACt values for each sample. A higher 40-ACt value indicates a higher relative
methylated level of H4C6 or SOX1-OT. (C) The landscape of pathological characteristics and detection results
in validation cohort, including 33 cases with BCa. *P<0.05, **P<0.01, ****P <0.0001 (Kruskal-Wallis test).
Low, low grade; High, high grade.

stages of tumors and to help rule out patients who could avoid unnecessary cystoscopy. Therefore, urine-based
biomarker investigation attracted high attention.

In this study, we first discovered the diagnostic performance of the urine DNA-based H4C6 methylation
marker on BCa by combining it with SOX1-OT. The gene relative methylated level of H4C6 based on urine
sediment was significantly higher in BCa patients, but no difference was found within stages or grades, which is
consistent with the previous results based on tumor tissues'®. However, a published study demonstrated that the
methylation level of SOX1-OT was correlated with the stages and grades of BCa when combined with the OTX1
methylation gene, whereas in our study, such a correlation relationship could not be found, which perhaps their
results were shown as combined methylation levels, but not SOX1-OT or OTX1 alone?°,

Several urine-based biomarkers aimed at reducing cystoscopy have been studied, and a methylation panel
including several biomarkers isa common design. For example, several studies have demonstrated that ONECUT2
methylation, along with other biomarkers (2-5 markers), can successfully distinguish the BCa patients from
benign illness with high sensitivity and NPV2!-23. However, the sensitivities for low-grade tumors and Ta tumors
were only 70.0% and 83.3%, respectively, when using ONECUT2 and VIM two methylation genes?. Guo et
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Clinical diagnosis
Methylation Positive | Negative Total
Positive 28 4 32
Negative 5 36 41
Total 33 40 73

n/N % (95% CI)
Sensitivity 28/33 84.8 (67.3-94.3)
Specificity 36/40 90.0 (75.4-96.7)
PPV 28/32 87.5(70.1-95.9)
NPV 36/41 84.6 (73.0-95.4)
Kappa value 75.0
Spare cystoscopy | 28/73 384

Table 4. The diagnosis performance of H4C6/SOXI-OT methylation for BCa (Validation set).

al. used a methylation panel combined with 8 markers to identify BCa, generating a sensitivity of 83% and a
specificity of 60%2°. Huang et al. even developed an OncoUrine assay composed of a panel of 17 gene mutations
and one gene methylation biomarker to detect BCa, and the test demonstrated a sensitivity of 92.2% and an NPV
of 94.1% on upper tract urinary carcinoma with hematuria?®. However, multiple methylation gene detections
would inevitably result in increasing patients’ expenses. In our study, the H4C6/SOXI-OT diagnostic model
of BCa generated an overall sensitivity of 87.9% and a specificity of 90.4% in the modeling cohort, and similar
sensitivity (84.8%) and specificity (90.0%) were also found in the validating cohort, indicating the potential
diagnostic performance of this combination methylation model for BCa diagnosis.

Methods like urine cytology and FISH typically missed the early phases of BCa, which were extremely
difficult to detect!"!2. Therefore, it is clinically essential to detect BCa early in order to lower disease-related
morbidity and mortality. Chen et al. demonstrated that the sensitivity of SOXI-OT/OTX1 for early stages of BCa
was 69.2-83.3%2%. Another study used PENK as methylation markers demonstrated a sensitivity of 85.7% and
76.8% for Ta-T1 and low-grade tumors, respectively?’. In our study, the H4C6/SOX1-OT panel showed 85.4%
and 85.0% sensitivity for early stages (Ta-T1) and low-grade BCa, respectively, indicating the capacity to identify
early BCa. Furthermore, screening for biomarkers with high PPV and NPV is important to reduce needless
cystoscopy, which is another pressing issue in the clinic. According to the validation set’s results in our study, the
diagnosis model produced 87.5% PPV and 84.6% NPV and may be able to reduce the 38.4% rate of unnecessary
referrals for cystoscopies. However, additional clinic verification is required for these data.

Nevertheless, it should be noted that there are certain limitations in this study. First, the samples tested were
from a single center, and information about medical histories, such as tumor size, tumor number, smoking
history, and cytology results, was not available. Second, only a small number of BCa samples were examined in
the prospective validation study, which may lower the statistical power. Third, the follow-up data was unavailable
in this study, and hence the performance of our diagnostic model could not be evaluated for recurrent BCa
patients. Although the results in our study demonstrated that the H4C6/SOX1-OT methylation model probably
could be a noninvasive diagnostic method to identify BCa early, large-scale research are still required to validate
the clinical values. These shortcomings are the focus of our current and future research efforts, including
conducting multicenter studies to expand the sample size and collecting follow-up data to investigate the role of
H4C6/SOX1-OT gene methylation in the diagnosis of relapsed BCa patients.

Taken together, the study demonstrated the promising applications of H4C6/SOXI-OT methylation based on
urine DNA in the clinical management of BCa, especially for early-stage BCa. The employment of H4C6/SOX1-
OT methylation will help to reduce the frequency of cystoscopy and thus alleviate patients’ economic burden.

Methods

Study design and study population

In this research, two independent studies were designed: a retrospective case-control study for the training set
and a prospective study for the validation set (Fig. 3). The case-control study contained 99 cases of BCa patients
and 73 cases of non-BCa patients and the prospective clinical validation study (blinded cohort), patients (n=73)
scheduled for cystoscopy were enrolled. All cases were enrolled at Xiaolan People’s Hospital of Zhongshan, China
from April 2022 to January 2023. Inclusion criteria: (a) All patients underwent standard evaluation including
cystoscopy, histological evaluation to confirm the presence of BCa and the tumor’s level if presented; (b) Patients
without BCa were diagnosed with urinary tract infection, urinary calculi, and benign prostatic hyperplasia; (c)
All patients were older than 18 years. Exclusion criteria: (a) Important research data missing or incomplete;
(b) Patients with other tumors. For the validation study, the standard evaluation results were blinded to the
laboratory personnel responsible for the testing. Data analysis of the H4C6/SOX1-OT results was independently
performed for comparison with the cystoscopic findings and pathology outcomes as reference standards. This
study was approved by the Ethic Committee of Xiaolan People’s Hospital of Zhongshan (Reference No. ZSXL-
LL2021-024). All participants in the study provided written informed consent, and the study adhered to local
ethics guidelines.
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Fig. 3. Workflow indicating study design.

Urine sample collection

Fresh void urine samples (30mL for each patient) were collected before cystoscopy or surgery and stored at 4°C.
Urine samples were processed within 2 h and centrifuged at 3000 g for 10 min. The resulting pelleted sediment
was washed twice with phosphate-buffered saline and then stored at -80°C until DNA extraction.

DNA extraction and conversation

Genomic DNA was extracted from the pelleted sediment using the QIAamp DNA Mini Kit (Qiagen GmbH,
Hilden, Germany) following the manufacturer’s reccommendations. The DNA concentrations and 260/280 ratios
were measured by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA), and a 260/280 ratio
around 1.6-2.1 and DNA concentration no less than 30ng/uL was required for all DNA samples. The following
bisulfite conversion was performed using the EZ DNA Methylation-GoldM Kit (Zymo Research, CA, USA)
according to the manufacturer’s instructions, eluted in 20 uL M-Elution Buffer and stored at -80°C.

H4C6/SOX1-OT methylation detection

The quantitative methylation-specific PCR was performed using the Applied Biosystems 7500 (Thermo Fisher
Scientific, USA) with the H4C6 and SOXI1-OT gene methylation detection kit (Hybribro Pharmaceutical
Technology Co. Ltd, Guangzhou, China) according to the manufacturer’s instructions, and the ACTB gene as
reference. Ct values of H4C6, SOX1-OT and ACTB could be obtained in each sample, and the Ct value of ACTB
should be between 15 and 35, otherwise would be retested. The relative level of methylated H4C6 and SOX1-
OT DNA target in each samples were calculated as 40-delta Ct (ACt) (Ct of amplified genes-Ct of ACTB)". A
higher value of 40-ACt indicated a higher ralative methylation level of target genes.
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Statistical analysis

Statistical analyses were performed using IMB SPSS Statistics 25 and illustrated with GraphPad Prism 10.1.2.
The relative methylated levels of target genes in different groups were compared by one-way ANOVA test and
Bonferroni’s Multiple Comparison Test. Each methylation biomarker’s performance was assessed by Receiver
Operating Characteristics (ROC) curve using the Ct value. The area under the ROC curves (AUC), sensitivities,
specificities and 95% confidence intervals (95%CI) were calculated to confirm the accuracy of diagnosis,
sensitivity, and specificity. The Ct cutoft value of methylation was determined by the method of Youden’s index
on the model ROC, which maximizes the sum of sensitivities and specificities?®. Categorical data was compared
by Chi-square Kappa test or Fisher exact test to evaluate the performance accuracy. P<0.05 was considered
statistically significant.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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