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Abstract 

 

Human papillomavirus (HPV)-induced anal intraepithelial neoplasia (AIN, graded 1-3) is highly 

prevalent in HIV-positive (HIV+) men-who-have-sex-with-men (MSM), but only a minority of lesions 

progresses to cancer. This study aimed to characterise comprehensively anal tissue samples from a 

cross-sectional series (n=104) of HIV+MSM and longitudinal series (n=40) of AIN2/3 progressing to 

cancer using different biomarkers. The cross-sectional series consisted of 8 normal, 26 AIN1, 45 AIN2, 

15 AIN3 and 10 anal squamous cell carcinoma. Tissue sections were immunohistochemically (IHC) 

stained for p16 (viral transformation marker); Ki-67 (cellular proliferation marker); and HPV-E4 (viral 

production marker). We evaluated the expression of IHC markers and compared it with DNA 

methylation, a marker for malignant transformation.  

E4 positivity decreased, whereas p16 and Ki-67 scores and methylation marker positivity increased 

(p-values<0.001) with increasing severity of anal lesions. Within AIN2 a heterogeneous biomarker 

pattern was observed concerning E4, p16, and methylation status, reflecting the biological 

heterogeneity of these lesions. In the longitudinal series, all AIN2/3 and carcinomas showed high p16 

and Ki-67 expression, strong methylation positivity, and occasional E4 positivity.  

We earlier showed that high methylation levels are associated with progression to cancer. The 

observed E4 expression in some AIN2/3 during the course of progression to cancer and absence of E4 

in a considerable number of AIN1 lesions make the potential clinical significance of E4 expression 

difficult to interpret. Our data show that IHC biomarkers can help to characterise AIN, however their 

prognostic value for cancer risk stratification, next to objective methylation analysis, appears to be 

limited. 



 
 

Introduction 

 

Anal cancer is an increasing problem with the highest risk for HIV-positive (HIV+) men who have sex 

with men (MSM).1, 2 Most anal cancers are squamous cell carcinoma (SCC), for the large majority 

caused by a persistent infection with high-risk (hr) human papillomavirus (HPV).3 Anal intraepithelial 

neoplasia (AIN) is considered the precursor of anal SCC.4 Historically, AIN is histopathologically 

graded as AIN1-3, with AIN2-3 also being referred to as high-grade AIN and AIN1 as low-grade AIN.5 

The Lower Anogenital Squamous Terminology Standardization (LAST) Project formulated 

recommendations for histopathological grading incorporating HPV biology.6 In this two-tier system, a 

distinction is made between low-grade squamous intraepithelial lesions (LSIL) and high-grade 

squamous intraepithelial lesions (HSIL). LSIL, often caused by low-risk HPV types, are associated with 

productive HPV infection and lesion regression. HSIL are associated with HPV persistence and a 

transformative HPV infection that poses a risk of progression to cancer.4, 6  

 

HSIL consist of a heterogeneous group of lesions: only a minority eventually progresses to cancer at 

an estimated progression rate of 1 per 377 per person-year (for HIV+ MSM),7 while 22-28% of HSIL 

spontaneously regresses.8, 9 The current lack of capability to predict the clinical course of HSIL has 

directed clinical practice in some countries to treat all HSIL, resulting in substantial overtreatment. 

Hence, new biomarkers for cancer risk stratification of HSIL are needed to identify lesions for 

treatment and reduce current overtreatment. 

 

The immunohistochemical (IHC) marker p16INK4a (further referred to as p16) is an important 

characteristic for the transformation of lesions. Its expression is the result of cell cycle deregulation 

induced by hrHPV E7 viral oncogene activity.10 The LAST project recommends the use of p16 as 

adjunct to conventional Haematoxylin & Eosin (H&E) to support an HSIL diagnosis in case of 



 
 

uncertainty between HSIL and a benign mimic or to confirm HSIL when a lesion looks like AIN2 on 

H&E. It recommends against the use of p16 as a routine adjunct to lesions negative for AIN, AIN1, or 

AIN3 on H&E.6 Another IHC marker is Ki-67, indicating cell proliferation by identifying all cells with 

cell cycle activity.11 In comparable cervical lesions increasing Ki-67 staining is found to be associated 

with increasing cervical intraepithelial neoplasia (CIN) grade.12 Although p1613-15 and the combination 

of p16/Ki-6716-18 have been reported to support AIN grading and to improve reproducibility, their 

prognostic value for cancer risk stratification have thus far not be established. Recently, a new IHC 

marker, the panHPV-E4 antibody (further referred to as E4), detecting the HPV viral gene E4, has 

been developed.19-21 E4 is expressed at initiation of the productive phase of the HPV life cycle and is 

involved in viral genome amplification and virion assembly.22 As a marker for productive lesions, E4 

could be used to identify low-grade lesions and subsets of high-grade lesions with productive 

characteristics in both cervical lesions23-27 and anal lesions19, 20, as was recently described.  

 

DNA methylation of host cell gene promoters can lead to inactivation of tumour suppressor genes 

and is considered an epigenetic hallmark of HPV-induced carcinogenesis.28 Recently, we identified 

and validated several methylation markers for accurate detection of HSIL and anal cancer in HIV+ 

MSM.29, 30 Methylation analysis showed that the group of histopathologically similar HSIL is 

heterogeneous on a molecular level, displaying either low, or high/‘cancer-like’ methylation levels. 

The presence of the latter ‘cancer-like’ pattern was found to be associated with progression towards 

cancer.30  

 

In this study, we aimed to characterise anal lesions using both IHC markers and host cell DNA 

methylation markers to increase our insight into changes of biomarker patterns during anal 

carcinogenesis and to investigate their potential as a cancer risk stratification tool. Hereto, we 

evaluated methylation results and the expression of IHC markers p16, Ki-67, and E4 in both a cross-



 
 

sectional series representing the complete spectrum of anal lesions and a unique longitudinal series 

of HSIL progressing to cancer. 



 
 

Materials and methods 

 

Study specimen series and ethics 

For this study clinical specimens were included from a cross-sectional and a longitudinal series of 

anal tissue samples that were previously analysed for HPV and DNA methylation.29, 30 In the present 

study we further characterised these samples using staining with IHC markers p16, Ki-67, and HPV-

E4. Supplementary figure 1 provides a schematic overview of the study procedures. 

 

From the cross-sectional series, a large subset of in total 108 samples from 93 HIV+ MSM were 

included in the present study, representing the full spectrum of anal carcinogenesis. This subset 

(selection based on local pathology diagnosis) consisted of all (n=88) AIN biopsies as well as a random 

selection of 10 anal SCC and 10 normal control samples as a positive and negative reference, 

respectively. These samples were obtained between 1999-2016 in HIV+ MSM during screening for 

anal cancer and retrieved from the Pathology archives of the Amsterdam University Medical Centers 

(Amsterdam UMC) and OLVG, Amsterdam, the Netherlands, as described previously in more detail.29 

Normal control samples were taken from clinically non-suspect anal epithelium during high-

resolution anoscopy in HIV+ men, and histopathologically graded as non-dysplastic or reactive anal 

epithelium. 

 

From the longitudinal series, we included 40 tissue samples of ten cases (eight HIV+ men, one HIV-

negative woman and one HIV-negative man), who over time developed SCC (n=5) or were suspected 

to have developed (n=5) (superficially invasive) anal SCC (i.e. clinical strong suspicion and/or 

continuous suspicion in subsequent biopsies). Each case comprised multiple consecutive tissue 

samples taken from the same anatomic location with corresponding HPV types, including one or 

more samples of histopathologically confirmed SCC or “HSIL/AIN3, highly suspicious for infiltrative 



 
 

growth” (endpoint; in total 15 samples), and all suitable and available biopsies obtained months up 

to years preceding the endpoint diagnosis (in total 25 HSIL biopsies). These samples, obtained 

between 2009-2019, were retrospectively identified and retrieved from several European pathology 

archives (see Supplementary methods), as described previously in more detail.30  

 

We adhered to the Declaration of Helsinki and Code of Conduct for Responsible Use of Left-over 

Material of the Dutch Federation of Biomedical Scientific Societies. Ethical approval was granted or 

waived (see Supplementary methods) as reported previously.29, 30 

 

Histological sample processing and HPV testing 

Formalin-fixed paraffin-embedded (FFPE) anal tissue samples were cut into serial sections of 3 µm 

using the ‘sandwich’ sectioning method. In short, the first and last sections were H&E stained for 

histopathological review, for confirmation of lesion presence throughout the sections. Three in-

between sections were mounted on slides for IHC staining of p16, Ki-67, and E4. Additional in-

between sections were used for DNA isolation and subsequent HPV testing and methylation analysis. 

HPV detection and genotyping was performed at DDL Diagnostic Laboratory, Rijswijk, the 

Netherlands, using the SPF10 DEIA/LiPA25 version 1 system (see Supplementary methods) and was 

reported previously.29, 30 

 

Immunohistochemistry 

IHC staining of p16, Ki-67, and E4 for all biopsies was performed on in-between sections using the 

Ventana BenchMark ULTRA automated slide stainer (Ventana Medical Systems, Roche, Tucson, AZ, 

USA) at DDL Diagnostic Laboratory, Rijswijk, The Netherlands.19, 20 IHC staining was performed after 

heat-induced epitope retrieval with ULTRA Cell Conditioning Solution 1 (ULTRA CC1) and protease 3 

(Roche, Basel, Switzerland) using mouse monoclonal antibodies against p16INK4a antigen (clone 

E6H4™, CINtec®, p16 Histology, Roche, Basel, Switzerland), rabbit monoclonal antibody against Ki-67 



 
 

(CONFIRM anti-Ki-67 (30-9), Roche, Basel, Switzerland), and mouse monoclonal antibody against 

panHPV-E4 antigen (SILgrade-E4-1 kit containing XR-E4-1 monoclonal antibody, Labo Biomedical 

Products B.V., Rijswijk, The Netherlands). The panHPV-E4 antigen is at least reactive to HPV6, 11, 16, 

18, 31, 33, 35, 39, 42, 43, 44, 45, 51, 52, 53, 56, 58, 59, 66, 67, 70 and 74; and skin HPV genotypes 27 

and 57 (in part unpublished data).19, 21, 26 Reactivity was visualised using the OptiView DAB IHC 

Detection Kit for p16 and Ki-67 detection, and the OptiView DAB IHC Detection Kit with OptiView 

Amplification Kit for HPV-E4 detection (Roche, Tucson, AZ, USA). 

 

Methylation analysis 

DNA methylation analysis on these series was performed using quantitative methylation-specific PCR 

(qMSP) on sample DNA (see Supplementary methods) and reported previously.29, 30 In the cross-

sectional and longitudinal series methylation markers involved in HPV-induced carcinogenesis were 

evaluated using multiplex qMSP assays, each targeting multiple host cell genes and the reference 

gene, β-actin.31 Using multivariable logistic regression analysis optimal methylation marker panels 

were identified for the detection of [AIN3+] (AIN3 and anal SCC). The methylation result (i.e. the 

outcome of the multivariable logistic regression model for the panels) is expressed as predicted 

probabilities. The predicted probability values range from 0 to 1 and represent the risk for [AIN3+]; 0 

indicates no risk and 1 indicates high risk. For samples with predicted probabilities above the 

Youden’s Index (J)-threshold (threshold that maximises the sum of sensitivity and specificity), the 

methylation result was considered methylation ‘positive’. Although the methylation marker panels 

and J-threshold slightly differed between the series, the cross-validated diagnostic performance for 

[AIN3+] detection of the panels was similar.29, 30 

 

Study diagnosis and scoring of immunohistochemical marker staining in anal tissue samples 

First, an expert pathologist confirmed the presence of a dysplastic anal lesion in the studied biopsies 

by reviewing the first and last H&E slide (Supplementary figure 1). The review of H&E and IHC stained 



 
 

slides was blinded for the previous local diagnosis, HPV genotyping, and methylation results. In case 

of multiple distinct regions/lesions in the specimen, the region with the most dysplastic features was 

selected for grading and IHC scoring. Four samples with one or more IHC staining slides being 

uninterpretable due to a technical staining issue or no more lesion being present in the slide were 

scored as ‘non-diagnostic samples’ (NDS) and excluded from the analyses (Supplementary figure 1).  

 

The pathologist made a diagnosis according to the LAST project recommendations by using 

conventional AIN grading (normal, AIN1, AIN2, AIN3, or SCC) based on morphologic characteristics on 

H&E,5 together with interpretation of the p16 staining (see p16 scoring) only when indicated 

according to LAST (i.e. to distinguish with benign mimics of AIN or in case of an AIN2 lesion on H&E to 

differentiate between low- and high-grade lesions).6 Because a two-tiered (LSIL/HSIL) classification is 

unable to sufficiently cover heterogeneity within high-grade lesions to accurately correlate 

biomarker patterns,  a three-tiered study diagnosis was used with extended annotation (AIN1-3) by 

considering LSIL as AIN1 and reporting HSIL as (p16 positive) AIN2 or AIN3. Finally, the remaining p16, 

all Ki-67 (see Ki-67 scoring), and all E4 (see E4 scoring) stained sections were reviewed and scored. 

 

p16 scoring 

Staining of p16 was scored [score 0-4] as described by Leeman et al.. No staining was scored as [0]; 

focally scattered (non-diffuse) stained cells or small cell clusters (i.e. ‘patchy’) as [1]; and diffuse or 

‘block’ staining of the cell cytoplasm and/or nucleus in squamous epithelium restricted to the lower 

one-third of the epithelium, the lower two-thirds of the epithelium, and the full thickness of the 

epithelium as [2], [3] and [4], respectively.19, 20 Any diffuse or ‘block’ staining [score 2- 4] was 

considered ‘p16 positive’ and no staining or patchy staining [score 0-1] as ’p16 negative’. SCC were 

only scored as positive or negative for p16. 

 

Ki-67 scoring 



 
 

Ki-67 IHC staining was scored [score 0-3] as described by Leeman et al.. A normal staining pattern 

(i.e. scattered staining of nuclei in the basal layers) was scored as [0]; score [1], [2], and [3] were 

defined as increased nuclear staining predominantly found in the lower one-third, lower two-third 

and more than two-thirds of the epithelium, respectively.12, 20, 24, 27 In SCC Ki-67 was scored by 

estimating the proportion of Ki-67 positive stained nuclei. 

 

E4 scoring 

Membranous and/or cytoplasmic E4 IHC staining was scored [score 0-2] as: ‘no staining’ [0]; ‘focal’: 

focally stained cells (i.e. limited staining of some (≤5) cells restricted to the upper quarter of the 

epithelium) [1]; or ‘extensive’: (i.e. widespread) staining in the upper one-third of the epithelium 

and/or below [2].24, 25, 27 

 

Statistical analysis 

IHC staining results of p16, Ki-67, and E4 are presented stratified by the study diagnosis. Due to the 

currently unknown clinical relevance of ‘focal’ E4 staining, for the analyses we only considered 

‘extensive’ E4 staining (score [2]) as status ‘E4 positive’, while ‘focal’ (score [1]) and ‘no staining’ 

(score [0]) were both considered as status ‘E4 negative’. Differences in proportions of p16 scores, Ki-

67 scores, E4 status (negative or positive), methylation result (i.e. predicted probabilities), 

methylation status (negative or positive), and HPV16 positivity, and trends with increasing severity of 

anal lesions were assessed using the χ2 or Fisher’s exact test and χ2 tests for trends (ptrend), when 

appropriate. Statistical analyses were performed using IBM SPSS Statistics software (version 26; IBM 

Corporation, NY, USA). Reported p-values are two-sided, with 0.05 as significance threshold. 



 
 

Results 

 

Cross-sectional series 

From the cross-sectional series a total of 104 samples with adequate IHC staining were included: 8 

normal control samples (7.7%), 26 AIN1 (25.0%), 45 AIN2 (43.3%), 15 AIN3 (14.4%) and 10 SCC (9.6%) 

(Supplementary figure 1; study diagnosis). 

 

Results of immunohistochemical markers p16, Ki-67, and E4 in the cross-sectional series of anal tissue 

samples 

Figure 1 provides an overview of the p16, Ki-67, and E4 expression patterns, together with HPV 

genotyping and methylation results in the individual samples of the cross-sectional series. 

Table 1 shows the results of p16, Ki-67, and E4 scoring stratified by study diagnosis. Overall, an 

increase in p16 and Ki-67 scores (ptrend<0.001 and ptrend<0.001, respectively) was observed with 

increasing severity of anal lesions.  

E4 staining was mostly observed in AIN1. In 73.1% of AIN1 E4 was scored as ‘extensive’ (Table 1). In 

AIN2 extensive E4 staining was observed in 42.2% of lesions and in AIN3 in only one lesion (6.7%). In 

an additional 20% of AIN2 and AIN3 only focal E4 staining was observed. No E4 staining was found in 

normal control samples or in SCC. Table 2A shows E4 positivity stratified by study diagnosis. With 

increasing severity of AIN grade (AIN1-3) E4 positivity decreased significantly (ptrend<0.001), from 

73.1% in AIN1 to 6.7% in AIN3. Figure 2A-E shows examples of AIN lesions with extensive E4 

expression and an AIN2 (mixed) lesion without E4 staining (in the most dysplastic region). 

 

Simultaneous high p16 and Ki-67 scores were often observed in AIN2/3. Several AIN lesions showed 

simultaneous E4 positivity and p16 positivity, particularly within AIN2 (42.2%, 19/45). In E4 positive 

lesions, high Ki-67 scores were frequently observed. Comparison of p16 and Ki-67 staining scores 



 
 

between E4 negative and positive samples, stratified by study diagnosis (Supplementary table 1), 

revealed no significant differences (p-values>0.05). 

 

Correlation of immunohistochemical marker expression with methylation positivity in the cross-

sectional series 

Methylation positivity (i.e. methylation result above threshold) increased significantly (ptrend<0.001) 

from 0% in normal, 11.5% in AIN1, 37.8% in AIN2 up to 73.3% in AIN3 and 100% in SCC. Table 2B 

shows methylation positivity stratified by study diagnosis. 

Besides higher p16 scores in methylation negative AIN2 (p=0.01), no clear relation (p-values>0.05) 

between p16 and Ki-67 and methylation positivity was found by comparing p16 and Ki-67 staining 

scores between methylation negative and positive samples stratified by study diagnosis 

(Supplementary table 2). 

Table 2C shows the relationship between E4 and methylation positivity stratified by study diagnosis. 

Overall, the proportion of E4 positive lesions was higher in methylation negative samples compared 

to methylation positive samples (50.8%, 32/63, vs. 17.1%, 7/41; p<0.001; Table 2C). Moreover, the 

proportion of methylation positive lesions was higher in E4 negative samples compared to E4 positive 

samples (52.3%, 34/65 vs. 17.9%, 7/39; p<0.001). Supplementary figure 2 shows the methylation 

results (i.e. predicted probability) per sample stratified by E4 status and study diagnosis. We found 

no statistical differences (p-values>0.1) in methylation results comparing E4 negative and positive 

lesions per AIN grade, however numbers were low. 

 

The overview presented in Figure 1 highlights the heterogeneity in anal precancerous lesions 

regarding IHC and methylation patterns. Still, three main biomarker patterns were observed: 1. E4 

positive, methylation negative lesions (particularly in AIN1 (65.4%; 17/26), a subset of AIN2 (31.1%; 

14/45), and only one AIN3 (1/15) lesion); 2. E4 negative, methylation positive lesions (particularly in 

AIN3 (73.3%; 11/15) and a subset of AIN2 (26.7%; 12/45)); and 3. E4 positive, methylation positive 



 
 

lesions (so-called composite lesions) present in 7.7% (2/26) of AIN1 and 11.1% (5/45) of AIN2 (e.g. 

Figure 2C). 

 

Longitudinal series 

An overview of the full characterisation of the ten cases in the longitudinal series using IHC marker 

staining patterns, HPV genotyping, and methylation results is shown Figure 3. In this series all anal 

cancer samples and all AIN2-3 during progression towards cancer were methylation positive and 

exhibited high p16 and Ki-67 expression. Interestingly, although lesions exhibiting productive 

characteristics being less common in this series, three composite HSIL (showing simultaneous 

extensive E4 staining and methylation positivity) were found in two HIV+ patients: two AIN3 (case 9; 

sample no. 1 and case 10; sample no. 2; Figure 2F) and an AIN2 (case 10; sample no. 3). In both cases 

E4 positivity was not detected at the endpoint diagnosis. 



 
 

Discussion 

 

In this study we provided a comprehensive characterisation using IHC and DNA methylation markers 

of a cross-sectional series of anal lesions representing the full spectrum of anal carcinogenesis in 

HIV+ MSM and of a longitudinal series of lesions with a known course of progression to cancer. In the 

cross-sectional series, increasing p16 and Ki-67 expression was found to be associated with 

increasing severity of anal dysplasia. Conversely, a decrease in E4 expression, from 73.1% in AIN1 to 

42.2% in AIN2 and 6.7% in AIN3, was seen. E4 positivity was also inversely associated with 

methylation positivity. Interestingly, AIN lesions, in particular AIN2, were commonly found (42.2%) to 

exhibit both E4 and p16 expression. In a few AIN1 (7.7%) and AIN2 (11.1%) lesions both E4 and 

methylation positivity was found. These so-called composite lesions were also found in three 

samples from two HIV+ patients in the longitudinal series with a known course of progression 

towards cancer. 

 

Previously, Leeman et al. found similar IHC expression patterns in anal lesions, although in general 

we observed more E4 positivity in our cross-sectional series for all histological grades, most 

prominently in AIN1 (73.1% vs. 43-49%).19, 20 A likely explanation are differences in cohort 

composition. Our cross-sectional series consisted exclusively of HIV+ MSM who were biopsied during 

screening, whereas their cohort was in part constituted of referral patients and also included HIV-

negative men.19, 20 

The present study builds on this previous evidence19, 20 by showing that biomarker patterns in HSIL 

are complex, reflecting the heterogeneity of these lesions. Biomarker heterogeneity was most 

prominent in AIN2 and may explain the ambiguous clinical course of these lesions, ranging from 

regressive to progressive disease. This is supported by recent findings from the Study of the 

Prevention of Anal Cancer (SPANC) AIN natural history study: AIN2 had a higher probability of 

regression compared to AIN3 (Hazard Ratio 1.79).8 A two-tier classification (LSIL-HSIL) would 



 
 

therefore insufficiently cover the heterogeneity within high-grade lesions. For this reason, we chose 

to report our study diagnosis with a three-tiered annotation of AIN1-3 extended from the LSIL/HSIL 

classification to allow further characterisation of lesions while incorporating the LAST 

recommendations.6 A similar approach was also recently advocated for cervical lesions given the 

clinical heterogeneity within high-grade CIN.32  

 

The proportion of methylation positivity increased from AIN1 to cancer and we have shown that high 

methylation levels are associated with progression to cancer.30 We therefore consider methylation 

markers as a promising and objective cancer risk stratification tool to identify advanced HSIL with a 

presumed high short-term cancer progression risk, for which treatment seems appropriate, in 

contrast to early HSIL with a presumed low short-term progression risk for which treatment can be 

withheld.30 Our study supports the value of p16 to improve grading of AIN.13-18 Ki-67 seems less 

informative, as increased Ki-67 expression was also observed in E4 positive, methylation negative, so-

called productive AIN lesions, especially in AIN1. So far, a prognostic value of p16 and Ki-67 for 

cancer risk stratification of HSIL has not been established. Our findings and previous studies support 

that E4 expression, as a marker for viral production, can help to further characterise AIN lesions.19, 20 

The presence of a methylation positive, E4 negative biomarker pattern, mainly seen in anal cancer, 

the majority (73.3%) of AIN3 and a proportion (26.7%) of AIN2 lesions is supportive of a high short-

term progression risk to cancer of AIN lesions with this biomarker pattern. Conversely, the presence 

of an E4 positive, methylation negative biomarker pattern in a high proportion of AIN1 lesions 

(65.4%) and almost one-third of AIN2 lesions (31.1%) and the near, respectively, complete absence of 

this biomarker pattern in AIN3 and SCC support our assumption that these lesions have a low risk of 

progression to cancer. However, the observed E4 expression in some HSIL during the course of 

progression to cancer and absence of E4 in a considerable number of AIN1 lesions make the potential 

clinical significance of absence or presence of E4 expression difficult to interpret and argue that 

prognostic information is mainly derived from the methylation results. 



 
 

 

Of interest are the composite lesions with simultaneous E4 expression and methylation positivity as 

observed in both the cross-sectional (n=7) and longitudinal (n=3) series. These results indicate that 

production of viral particles and cellular transformation by HPV can overlap. Although gradual 

progression from low-grade to high-grade lesions is still under debate,33 it may be hypothesised that 

these composite lesions reflect a temporal evolution from a lower grade lesion to a high-grade lesion 

in which the productive lesion is replaced by transformed cells migrating up. Their occurrence in HIV+ 

MSM may relate to the impaired HPV clearance induced by the HIV infection and a higher 

susceptibility to HPV-induced transformation.34 Indeed, an upregulating effect of the HIV protein tat 

on HPV oncogenes E6 and E7 expression has been described.35, 36 In addition, HPV and HIV proteins 

were reported to upregulate DNA methyl transferases resulting in methylation-mediated silencing of 

tumour suppressor genes, thereby contributing to faster HPV-induced carcinogenesis.37, 38 Similar 

composite lesions were also reported in the cervix of HIV+ women with more abundant E4 

expression and higher methylation levels compared to HIV-negative women.25, 27  

 

Collectively, our data suggest limited prognostic value for E4 as sole biomarker. E4 expression seems 

to provide at best some supportive information next to methylation analysis results. 

Figure 4 depicts the conceptual relationship of E4 expression and methylation status in relation to 

AIN grade and their presumed anal cancer risk in terms of early HSIL and advanced HSIL. In this 

conceptual scheme the composite lesions, with a currently uncertain clinical behaviour, are 

positioned in the middle. 

 

To the best of our knowledge, this is the first study that comprehensively characterised anal lesions 

from a large cross-sectional series as well as a well-documented longitudinal series of patients who 

developed anal cancer over time, providing in-depth information on anal carcinogenesis and 

potential prognostic value of IHC markers. Another strength of the study is the identification of the 



 
 

most dysplastic region within tissue samples for scoring of the IHC markers. The latter is of 

importance since tissue samples can include a mix of different types of lesions (e.g. Figure 2D). 

Although whole tissue sections were used for methylation analysis, qMSP assays are very sensitive 

and have been shown to represent the most dysplastic region or highest grade of dysplasia present.39 

We acknowledge several limitations of this study. First, the retrospective collection in the 

longitudinal series.30 Although detailed information of the location of the biopsies was given and they 

had matching HPV genotypes, we cannot completely exclude that consecutive biopsies were not 

from exactly the same location. Second, although this is a unique longitudinal series of rare well-

documented cases, its size is still relatively small. Third, slightly different methylation marker panels 

were used for the cross-sectional and longitudinal series and although their diagnostic performance 

have previously been proven similar, this may limit a direct comparison.29, 30 Our findings warrant 

confirmation in a larger prospective study. Moreover, our data is limited to HIV+ patients and while 

our recent data show that methylation patterns are similar between HIV+ and HIV-negative 

individuals, it is currently unknown whether this is also the case regarding E4 expression.40 

 

In conclusion, we showed that anal lesions in the spectrum of carcinogenesis in HIV+ MSM harboured 

complex heterogeneous biomarker patterns. A decrease in productive (E4 expression) characteristics 

and increase in transforming characteristics (p16) and methylation was observed with increasing 

severity of disease. In particular in AIN2 we found a heterogeneous pattern displaying either 

transforming or productive characteristics or both, which supports the ambiguous clinical course of 

these lesions. IHC biomarkers can help to characterise anal precancerous lesions, however their 

prognostic value for cancer risk stratification, next to objective methylation analysis, appears to be 

limited.   
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Figure legends 

Figure 1. Overview of the p16, Ki-67 and E4 expression pattern, HPV genotyping, and methylation 

results in the individual samples of the cross-sectional series of anal biopsies from HIV+ MSM. 

Immunohistochemical (IHC) marker staining scores (see Colour legend) for p16 [0-4], Ki-67 [0-3] and 

E4 [0-2], E4 status (‘negative’: no staining [0] or focal [1]; ‘positive’: extensive [2]), methylation 

results expressed in predicted probability (PP; values ranging from 0 to 1, representing the risk for 

AIN3+), methylation status (‘negative’ or ‘positive’) and HPV genotyping, across histological 

subgroups. The colours refer to the extent of IHC staining and methylation, as indicated in the Colour 

legend. For SCC p16 positivity (+) and percentage of Ki-67 positive nuclei are reported. In each 

subgroup, samples are consecutively arranged low ([PP=0]; green) to high ([PP=1]; red) based on 

their methylation result. Each column within a subgroup represents one anal tissue sample: 8 

normal, 26 AIN1, 45 AIN2, 15 AIN3, and 10 SCC. Abbreviations: AIN: anal intraepithelial neoplasia 

(grades 1-3); HPV: human papillomavirus; ID: identification number; neg.: negative; Norm(al): normal 

control samples; SCC: anal squamous cell carcinoma; und.: HPV type undetermined. 

 

Figure 2. Examples of immunohistochemical stainings. A. AIN1 lesion (ID19; methylation negative) 

with patchy p16 staining (score 1), Ki-67 staining up to the lower two-third of the epithelium (score 

2), and extensive membranous and cytoplasmic E4 staining (score 2); B. AIN2 lesion (ID49; 

methylation negative) with diffuse p16 staining (score 4), Ki-67 staining reaching more than two-

thirds of the epithelium (score 3), and extensive E4 staining (score 2); C. AIN2 ‘composite’ (both 

transforming and productive characteristics) lesion (ID71; methylation positive) with diffuse p16 

staining up to the lower one-third of the epithelium (score 2), Ki-67 staining up to the lower two-

third of the epithelium (score 2), and extensive E4 staining (score 2); D. AIN2 lesion (ID73; 

methylation positive) with adjacent AIN1 lesion (see arrows; mixed lesion) with diffuse full-thickness 

p16 block staining (score 4), Ki-67 staining up to the lower two-third of the epithelium (score 2), and 



 
 

no E4 staining (score 0) in the AIN2 region and patchy p16 staining (score 1), Ki-67 staining up to the 

lower two-third of the epithelium (score 2), and extensive E4 staining (score 2) in the AIN1 region; E. 

AIN3 lesion (ID82; methylation negative) with diffuse full-thickness p16 staining (score 4), Ki-67 

staining reaching more than two-thirds of the epithelium (score 3), and extensive E4 staining (score 

2); F. AIN3 (longitudinal series, case 10, sample number 2; methylation positive) with diffuse up to 

full-thickness p16 staining (score 4), Ki-67 staining reaching more than two-thirds of the epithelium 

(score 3), and extensive E4 staining (score 2). Abbreviations: AIN: anal intraepithelial neoplasia 

(grades 1-3); H&E: Haematoxylin & Eosin; ID: identification number (matches with Figure 1); Normal: 

normal control samples; SCC: anal squamous cell carcinoma. 

 

Figure 3. Overview of characterisation of anal tissue samples from ten cases in the longitudinal 

series with development of anal SCC over time. Each sample number within a case represents one 

anal tissue sample of the endpoint diagnosis (SCC or suspected SCC (≈SCC; HSIL/AIN3 lesion with high 

suspicion for infiltrative growth) or preceding HSIL and was taken from the same anatomic location 

(t= time in months (M) before endpoint diagnosis). In some cases, multiple biopsies were taken at 

the same time point, indicated with a letter (e.g. 1a, 1b, etc.). Per sample immunohistochemical (IHC) 

marker staining scores (see Colour legend) for p16 [0-4], Ki-67 [0-3] and E4 [0-2], E4 status 

(‘negative’: no staining [0] or focal [1]; ‘positive’: extensive [2]), methylation results expressed in 

predicted probability (PP; values ranging from low ([PP=0]; green) to high ([PP=1]; red), representing 

the risk for AIN3+), methylation status (‘negative’ or ‘positive’) and HPV genotyping is provided. The 

colours refer to the extent of IHC staining and methylation, as indicated in the Colour legend. For SCC 

p16 positivity (+) and percentage of Ki-67 positive nuclei are reported. Abbreviations: AIN: anal 

intraepithelial neoplasia (grades 1-3); HIV-status: pos: positive; neg: negative; HPV: human 

papillomavirus; HSIL: high-grade squamous intraepithelial lesion; NDS: non-diagnostic sample 

(staining uninterpretable due to technical staining issue or no more lesion being present in the slide); 

SCC: anal squamous cell carcinoma; Sex: M: male; F: female. 



 
 

 

Figure 4. Concept of anal carcinogenesis in HIV+ men: association with E4 expression and host cell 

DNA methylation. Patterns of productive (E4 immunohistochemical marker expression) and 

transforming (host cell DNA methylation status) characteristics during anal carcinogenesis in HIV+ 

men. With progression to cancer, E4 positivity decreases, whereas methylation positivity increases, 

but they show considerable overlap, corresponding with biological heterogeity in HSIL. Methylation 

analysis might aid a clinically relevant subdivision of HSIL into early and advanced HSIL, representing 

low and high short-term risk of progression to cancer, respectively. Abbreviations: +: positive; -: 

negative; AIN: anal intraepithelial neoplasia (grades 1-3); HSIL: high-grade squamous intraepithelial 

lesion; MM: methylation marker status; Normal: normal control samples; SCC: anal squamous cell 

carcinoma. 

  



 
 

Tables  

Table 1. Results of p16 (A), Ki-67 (B) and E4 (C) scoring, by study diagnosis 

A.                               
            p16 score 

Study 
diagnosis   Total   No staining 

(score 0) 
Patchy 

(score 1) 
≤lower 1/3 
(score 2) 

≤lower 2/3 
(score 3) 

>lower 2/3 
(score 4) 

Normal  8   4 50.0% 4 50.0% 0 0.0% 0 0.0% 0 0.0% 
AIN1   26   4 15.4% 19 73.1% 3 11.5% 0 0.0% 0 0.0% 
AIN2  45   0 0.0% 0 0.0% 9 20.0% 21 46.7% 15 33.3% 
AIN3   15   0 0.0% 0 0.0% 0 0.0% 1 6.7% 14 93.3% 
Total   94   8 8.5% 23 24.5% 12 12.8% 22 23.4% 29 30.9% 

                                
B.                               
            Ki-67 score     

Study 
diagnosis   Total   Normal basal 

(score 0) 
≤lower 1/3 
(score 1) 

≤lower 2/3 
(score 2) 

>lower 2/3 
(score 3)   

Normal  8   0 0.0% 8 100.0% 0 0.0% 0 0.0%     
AIN1   26   2 7.7% 11 42.3% 11 42.3% 2 7.7%     
AIN2  45   1 2.2% 4 8.9% 23 51.1% 17 37.8%     
AIN3   15   0 0.0% 0 0.0% 3 20.0% 12 80.0%     
Total   94   3 3.2% 23 24.5% 37 39.4% 31 33.0%     

                                
C.                               
            E4 score         

Study 
diagnosis   Total   No staining 

(score 0) 
Focal 

 (score 1) 
Extensive 
(score 2)   

    
Normal  8   8 100.0% 0 0.0% 0 0.0%         
AIN1   26   6 23.1% 1 3.8% 19 73.1%         
AIN2  45   17 37.8% 9 20.0% 19 42.2%         
AIN3   15   11 73.3% 3 20.0% 1 6.7%         
Total   104   52 50.0% 13 12.5% 39 37.5%         

 

Data are numbers, %. SCC are not reported here since all SCC were p16 and Ki-67 positive and E4 negative 

(Figure 1). Abbreviations: AIN: anal intraepithelial neoplasia (grades 1-3); Normal: normal control samples; SCC: 

anal squamous cell carcinoma. 

  



 
 

Table 2. E4 (A) and methylation (B) status by study diagnosis and the relationship between E4 and 

methylation status (C). 

        A.         B.           
        E4 status   Methylation status     

Study 
diagnosis   Negative Positive   Negative Positive   Total 

Normal   8 100.0% 0 0.0%   8 100.0% 0 0.0%   8 
AIN1   7 26.9% 19 73.1%   23 88.5% 3 11.5%   26 
AIN2   26 57.8% 19 42.2%   28 62.2% 17 37.8%   45 
AIN3   14 93.3% 1 6.7%   4 26.7% 11 73.3%   15 
SCC   10 100.0% 0 0.0%   0 0.0% 10 100.0%   10 
Total   65 62.5% 39 37.5%   63 60.6% 41 39.4%   104 

 
             

 C.   E4 status    

  Study 
diagnosis 

 Negative Positive  Total 

Methylation negative  
(n = 63) 

Normal  8 100.0% 0 0.0%  8 12.7% 
AIN1  6 26.1% 17 73.9%  23 36.5% 
AIN2  14 50.0% 14 50.0%  28 44.4% 
AIN3  3 75.0% 1 25.0%  4 6.3% 
SCC  0 0.0% 0 0.0%  0 0.0% 

Subtotal  31 49.2% 32 50.8%  63 60.6% 

Methylation positive 
(n = 41) 

Normal  0 0.0% 0 0.0%  0 0.0% 
AIN1  1 33.3% 2 66.7%  3 7.3% 
AIN2  12 70.6% 5 29.4%  17 41.5% 
AIN3  11 100.0% 0 0.0%  11 26.8% 
SCC  10 100.0% 0 0.0%  10 24.4% 

Subtotal  34 82.9% 7 17.1%  41 39.4% 
 Total  65 62.5% 39 37.5%  104 100.0% 

 

Data are numbers, %. Abbreviations: AIN: anal intraepithelial neoplasia (grades 1-3); Normal: normal control 

samples; SCC: anal squamous cell carcinoma. 

  



ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
p16 score 1 0 1 0 0 1 0 1 1 1 0 1 0 1 1 1 1 0 1 1 1 1 0 2 1 1 2 1 1 2 1 1 1 1

Ki-67 score 1 1 1 1 1 1 1 1 2 1 1 2 0 2 2 1 1 1 2 1 2 2 2 2 3 1 0 3 1 2 1 1 1 2
E4 score 0 0 0 0 0 0 0 0 2 2 2 2 2 1 2 2 2 2 2 0 2 2 0 0 2 2 2 2 0 0 2 0 2 2

Methylation result (PP) 0.14 0.17 0.18 0.18 0.23 0.24 0.28 0.36 0.13 0.13 0.14 0.15 0.16 0.16 0.17 0.17 0.17 0.18 0.18 0.19 0.19 0.19 0.19 0.21 0.21 0.21 0.22 0.23 0.24 0.33 0.36 0.44 0.56 0.59
Methylation status 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1

HPV types und neg neg 39 52 
53

6 18 6 54 16 44 16 11 74 und 11 11 51 53 
58

und 31 52 
61

91 18 31 
39 42 

51

11 6 6 11 6 6 6 39 11 40 51 11 
68/73

6 6 11 44 6 11 31 11

ID 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79
p16 score 4 3 2 3 2 4 3 3 4 3 4 4 3 4 4 4 4 3 3 3 4 3 3 4 3 4 3 3 2 4 2 3 3 2 3 4 2 2 4 3 2 3 3 2 3

Ki-67 score 2 3 2 3 3 2 2 3 3 2 2 1 3 3 3 3 3 2 2 1 2 2 3 3 2 1 1 3 3 2 3 2 2 2 2 2 2 3 2 2 2 2 2 0 3
E4 score 0 1 2 2 1 0 2 2 0 0 0 0 2 2 2 2 2 2 2 0 2 1 2 2 1 1 0 0 1 0 2 2 2 1 0 0 2 0 0 2 0 1 0 0 1

Methylation result (PP) 0.13 0.14 0.14 0.15 0.17 0.19 0.19 0.20 0.20 0.21 0.22 0.23 0.24 0.24 0.24 0.25 0.27 0.28 0.29 0.31 0.34 0.34 0.34 0.34 0.34 0.35 0.35 0.35 0.39 0.39 0.45 0.49 0.49 0.49 0.50 0.64 0.71 0.77 0.82 0.90 0.96 0.96 0.98 0.99 1.00
Methylation status 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

HPV types 56 16 51 18 16 18 
35 39 

52

11 35 und 16 6 51 
68/73 

70

33 und 33 39 
51

16 51 45 16 51 51 16 26 16 16 31 
26

56 16 16 16 33 51 16 58 18 51 52 6 51 
52

16 16 16 11 16 31 58 16 16 51 
68/73

16 69 16 16 16 16 6 16 
35

16

ID 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104
p16 score 4 4 4 4 4 4 4 4 4 4 4 4 3 4 4 + + + + + + + + + +

Ki-67 score 3 2 3 2 3 3 3 3 3 2 3 3 3 3 3 >50% >50% >50% >90% >50%70-80%40-50%>50% >50% >75%
E4 score 0 1 2 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Methylation result (PP) 0.19 0.22 0.23 0.36 0.39 0.51 0.54 0.54 0.66 0.69 0.72 0.80 0.86 0.93 0.96 0.79 0.93 0.95 0.97 0.97 0.98 0.98 1.00 1.00 1.00
Methylation status 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

HPV types 31 33 
44 74

16 16 33 6 11 
16

16 6 74 
69

16 16 52 6 16 16 56 11 16 16 16 16 6 16 
33 52

16 16 31 11 16 
31

33 11 45 16 16 6 45 
66

Normal

AIN3 SCC

AIN2

AIN1

Colour legend
p16 score 0 no staining [0] 1 patchy [1] 2 <lower ⅓ [2] 3 lower ⅓ to ⅔ [3] 4 >lower ⅔ [4]

Ki-67 score 0 basal [0] 1 <lower ⅓ [1] 2 lower ⅓ to ⅔ [2] 3 >lower ⅔ [3]

E4 score 0 no staining [0] (status negative) 1 focal [1] (status negative) 2 extensive [2] (status positive)

E4 status negative positive

Methylation result (PP) low [0] high [1]

Methylation status negative positive
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Colour legend
p16 score 0 no staining [0] 1 patchy [1] 2 <lower ⅓ [2] 3 lower ⅓ to ⅔ [3] 4 >lower ⅔ [4]

Ki-67 score 0 basal [0] 1 <lower ⅓ [1] 2 lower ⅓ to ⅔ [2] 3 >lower ⅔ [3]

E4 score 0 no staining [0] (status negative) 1 focal [1] (status negative) 2 extensive [2] (status positive)

E4 status negative positive

Methylation result (PP) low [0] high [1]

Methylation status negative positive

Case Sex HIV 
status

Age at endpoint 
diagnosis Case Sex HIV 

status
Age at endpoint 

diagnosis

Sample no. 1 2 3 Sample no. 1 2
t= -12M -7M 0 t= -5M 0
Diagnosis: AIN3 AIN3 SCC Diagnosis: AIN3 SCC
p16 score 4 4 4 p16 score 4 +
Ki-67 score 3 3 3 Ki-67 score 3 >60%
E4 score 0 0 0 E4 score 0 0
Methylation result (PP) 0.99 1.00 1.00 Methylation result (PP) 0.92 1.00
Methylation status Methylation status
HPV types 16 51 16 11 16 HPV types 16 16
Sample no. 1 2 3a 3b Sample no. 1 2 3 4 5 6 7a 7b 7c
t= -5.5M -2M 0 0 t= -28M -20M -18M -16.5 -9.5M -6M 0 0 0
Diagnosis: AIN3 ≈SCC ≈SCC AIN2 Diagnosis: AIN3 AIN3 AIN3 AIN2 AIN2 AIN3 SCC SCC SCC
p16 score 3 3 4 2 p16 score 4 4 3 3 3 3 + + +
Ki-67 score 2 2 3 1 Ki-67 score 3 3 3 2 2 2 60-70%60-70%60-70%
E4 score 0 0 0 0 E4 score 0 0 0 0 0 0 0 0 0
Methylation result (PP) 1.00 1.00 1.00 0.90 Methylation result (PP) 1.00 0.98 0.99 0.99 1.00 1.00 1.00 0.91 0.98
Methylation status Methylation status
HPV types 16 33 16 16 16 HPV types 16 52 

53
16 52 16 16 52 16 16 16 11 

52 66 
74

16 11 16 11

Sample no. 1 2 Sample no. 1a 1b 2 3 4a 4b 4c
t= -5M 0 t= -9M -9M -2.5M -2M 0 0 0
Diagnosis: AIN2 SCC Diagnosis: AIN3 AIN3 AIN3 AIN3 SCC SCC SCC
p16 score 2 + p16 score 4 4 4 4 + + +
Ki-67 score 2 70% Ki-67 score 3 2 3 3 40% 30-40% 40%
E4 score 0 0 E4 score 0 0 0 0 0 0 0
Methylation result (PP) 1.00 1.00 Methylation result (PP) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Methylation status Methylation status
HPV types 16 16 HPV types 16 11 16 11 16 16 16 16 16
Sample no. 1 2 3 Sample no. 1 2 3 4
t= -5M -2.5M 0 t= -42M -30M -0.5M 0
Diagnosis: AIN2 SCC SCC Diagnosis: AIN3 AIN3 SCC SCC
p16 score 3 + + p16 score 3 4 + +
Ki-67 score 2 50% 50% Ki-67 score 3 3 30% 60%
E4 score 0 0 0 E4 score 2 0 0 0
Methylation result (PP) 1.00 1.00 1.00 Methylation result (PP) 0.99 0.98 0.83 0.99
Methylation status Methylation status
HPV types 16 16 16 HPV types 33 33 16 16 33 

53
Sample no. 1 2 Sample no. 1 2 3 4
t= -3M 0 t= -24M -13M -3M 0
Diagnosis: AIN3 SCC Diagnosis: AIN3 AIN3 AIN2 SCC
p16 score 3 + p16 score 4 4 4 +
Ki-67 score 3 >50% Ki-67 score 3 3 3 80%
E4 score 0 0 E4 score 0 2 2 0
Methylation result (PP) 0.69 0.97 Methylation result (PP) 0.80 0.97 1.00 0.99
Methylation status Methylation status
HPV types 16 16 44 

53
HPV types 18 35 

52
35 11 52 

66 
35 52 

66

pos 625 M pos 51 10 M

M pos 62

3 F neg 49 8 M

4 M neg 60 9

M pos 51

pos 58

2 M pos 59 7

Endpoint 
diagnosis Preceding HSIL Endpoint diagnosis

1 M pos 62 6 M

Preceding HSIL

pos 47
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Normal

MM+ / E4+

MM+ / E4-MM- / E4+

100%

0%

Normal LSIL(AIN1) HSIL(AIN2) HSIL(AIN3) SCC

Methylation status

E4 status
Transforming lesionProductive lesions

Normal Early HSIL Advanced HSILLSIL
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