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Abstract

Squamous cell carcinoma of the anal canal (SCCA) is a rare gastrointestinal malignancy with an 

increasing annual incidence globally. The majority of cases are linked to prior infection with the 

human papillomavirus (HPV). For patients with metastatic SCCA, no consensus standard 

treatment exists. Identification of relevant targeted agents as novel therapeutic approaches for 

metastatic SCCA has been limited by a lack of comprehensive molecular profiling. For our study 

we performed whole-exome sequencing on tumor-normal pairs from 24 patients with metastatic 

SCCA. Tumor tissue from 17 additional patients was analyzed using a 263-gene panel as a 

validation cohort. Gene expression profiling was performed on available frozen tissue to assess for 

differential expression patterns. Based on these findings, patient-derived xenograft (PDX) models 

of SCCA were generated to test targeted therapies against PI3K and EGFR. Despite a low 

mutation burden, mutations in PIK3CA, MLL2, and MLL3 were among the most commonly 

mutated genes. An association between TP53 mutations and HPV-negative SCCA tumors was 

observed. Gene expression analysis suggested distinct tumor subpopulations harboring PIK3CA 

mutations and for which HPV had integrated into the host genome. In vivo studies demonstrated 

improvement with anti-EGFR treatment. Gene mutation frequencies, tumor mutation burden, and 

gene expression patterns for metastatic SCCA appear similar to other HPV-associated 

malignancies. Here we report the first comprehensive genomic characterization for patients with 

metastatic SCCA which provides further rationale for the integration of SCCA into the 

development of novel targeted therapies across HPV-related cancers.
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Introduction

Squamous cell carcinoma of the anal canal (SCCA) represents approximately 2% of all 

gastrointestinal malignancies1, with a global incidence that continues to increase annually2. 

While the majority of patients afflicted with SCCA present with locoregional disease that 

can be definitively cured with chemoradiation3,4, approximately 25% of patients will 

develop distant metastases5,6. Median overall survival for metastatic SCCA is estimated 

between 15–20 months7, and patients are treated most commonly with standard cytotoxic 

doublet chemotherapy regimens8–10.

Human papilloma virus (HPV) has been linked to 80–95% of patients with SCCA and is 

regarded to be the seminal driver for oncogenesis11–14. To date, no targeted therapies have 

been prospectively proven to be effective for patients with metastatic SCCA based on a 

particular genomic abnormality. Off label, reports of targeted therapies against EGFR have 

been described in the management of metastatic SCCA15,16, an approach extrapolated from 

success in treating other HPV-associated metastatic malignancies (i.e., advanced squamous 

cell cancer of the head/neck)17.

Recently, targeted gene panels have provided insight into genomic features of patients with 

anal cancer across all stages of disease18,19. Comprehensive whole exome sequencing of 

SCCA has never been reported for patients with metastatic anal cancer. Here, we sought to 

describe the genomic landscape for SCCA by analyzing specimens from 41 patients with 

metastatic SCCA at our institution and to correlate these findings with clinical and 

pathologic features.

Methods

Collection of Patient Samples

The MD Anderson Cancer Center patient databases were searched for patients who were 

diagnosed with metastatic SCCA between August 2002 and August 2015 and who 

consented to an IRB–approved protocol for retrospective analysis of archival tissue. Patients 

with adenocarcinoma of the anal canal or of the rectum were excluded, as were patients with 

nonmetastatic squamous cell carcinoma the anal canal. The presence of HPV was tested by 

assessment of p16 expression by immunohistochemistry or detection of HPV DNA by in-

situ hybridization.

DNA Sequencing

We performed whole exome sequencing using samples from 24 patients with paired tumor 

and normal tissue to identify somatic mutations present in metastatic SCCA. Targeted 

mutation profiling using a 263-gene panel (Supplementary Figure 1) was performed on a 

validation cohort of an additional 17 patients with only tumor tissue available. DNA was 
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extracted from archived fixed-formalin, paraffin-embedded tumor tissue (see Supplemental 

Methods for further details on protocol for sequencing). To generate the lollipop diagrams 

with this data, the cBioPortal web tool, MutationMapper, was used (http://

www.cbioportal.org/public-portal/mutation_mapper.jsp). To explore for any association 

between gene mutation or clinicopathologic feature and survival, we performed multivariate 

analyses by conducting log-rank tests for categorical variables and the Cox proportional 

hazards model for continuous variables to correlate each variable to survival outcome. The 

Benjamini-Hochberg correction was applied to adjust for multiple testing. Kaplan-Meier 

survival curves were generated for any significant genes or clinical variables with an 

adjusted p-value less than 0.05. To compare mutation frequencies among various squamous 

cell tumor types, the number of mutations detected per megabase of nucleotides examined 

during sequencing was calculated for each patient. A public database (www.cbioportal.org) 

was accessed to obtain these data for the non-SCCA tumor types not sequenced in our study. 

Mean values in mutation frequency for SCCA relative to other tumor types were compared 

using an independent t-test adjusted with a Bonferroni correction.

Gene Expression Profiling

RNA was isolated and sequenced from archived frozen specimens of patients at our 

institution (see Supplemental Methods for further details). We applied a Trimmed Mean of 

M-values method to normalize the count data. To examine relative similarities of the 

samples, we applied a principle component analysis (PCA) as well as a hierarchical 

clustering algorithm. The data analyses were performed using R, a publicly available 

statistical computing tool (http://www.r-project.org/) and Bioconductor packages (http://

www.bioconductor.org/). Because no predetermined groups based on lack of historical 

information were available, the most variable genes, as measured by median absolute 

deviation based on gene expression, were selected for further analysis, from which we were 

able to classify samples into subtypes by evaluation of clustering, PCA plots, and correlation 

heatmaps. To determine patterns of HPV integration, a reference genome featuring a hybrid 

genome that combines selected virus genomes, including HPV6, HPV16, HPV18, HPV33, 

HPV35, HPV45, and HPV56, was used with the VirusSeq pipeline for the HPV integration 

analysis as previously described20.

Patient-Derived Xenograft Studies

A tumor collected under an IRB-approved protocol from a freshly resected liver metastasis 

from a patient with squamous cell cancer of the anal canal was implanted into the 

subcutaneous flank of a female, NOD-SCID-gamma mouse to create a patient-derived 

xenograft. This tumor was expanded into a second generation of mice in two separate 

experiments. In the first, 7 mice per arm were randomized into an untreated control group or 

into a group that received the oral p110α subunit-specific PI3K inhibitor BYL719 (Selleck 

Chemicals, Houston, TX) at a dose of 35 mg/kg body weight daily. In a second experiment, 

mice were randomized to receive twice weekly intraperitoneal injections of the chimeric 

anti-EGFR monoclonal antibody cetuximab (Bristol-Myers Squibb, New York, NY) at a 

dose of 30 mg/kg body weight or control solution. Tumor sizes were measured twice weekly 

for 21 days.
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Results

Mutation frequency/patient characteristics

Table 1 details the demographic characteristics of these patients with unresectable/metastatic 

SCCA. The median age at diagnosis of metastatic disease was 57 years (interquartile range, 

49–60 years). The majority of patients (63%) had been initially diagnosed with locoregional 

disease which later recurred/metastasized after definitive chemoradiation. The liver was the 

most common site for distant spread. HPV was detected in 16 of 18 tested tumors that 

underwent whole exome sequencing. Most tumors (66%) were poorly differentiated.

Genomic sequencing

As seen in Figure 1, PIK3CA was the most commonly mutated gene in the cohort for which 

the entire exome was sequenced, present in 7 of 24 (29%) tumors. All of the mutations were 

located in the exon 2 and 4 hotspots (Figure 2A) known to generate oncogenic activity of 

PIK3CA/mTOR signaling21. Missense mutations of RRBP1 were likewise present in 7 

patients with metastatic anal cancer. These mutations all localized to the same region of the 

RRBP1 gene (Figure 2B). Other genes mutated in 2 or greater of the 24 sequenced tumors 

are listed in Figure 1. MLL3 and MLL2 were mutated in 25% and 21% of tumors, 

respectively. In addition, genes important to cell cycle dysregulation (CNTRL), DNA 

damage repair (TP53, HUWE1), chromatin remodeling (EP300), cell differentiation (FLG, 

PTK2), and activation of Wnt/β-catenin signaling (FAM123B) were all present in multiple 

tumors.

Of the 17 tumors tested with the 263-gene panel of the validation set, the most commonly 

mutated genes were MLL3 (39%), PIK3CA (28%), TP53 (28%), MLL2 (22%), and EP300 

(22%). These genes were among the most frequently mutated among the independent set of 

tumors analyzed in the orthogonal whole exome cohort. Table 2 shows the pooled 

frequencies of the most common genes detected between the two sets. For the entire panel of 

41 patients, MLL3 (32%) and PIK3CA (29%) were the most commonly mutated genes for 

these patients with unresectable squamous cell carcinoma of the anal canal. Notably, KRAS, 

NRAS, BRAF, and EGFR mutations were not common, detected in <5% of all patients.

Figure 3A shows a median 2.5 somatic mutations/Mb detected across the entire exome 

(range, 0.1–6 mutations/Mb). The median number of mutations/Mb is similar to what has 

been seen from publicly available data for cervical cancer and HPV-positive head/neck 

cancer, and lower than squamous cell cancer of the lung (P<.001)22–24. In addition, when 

analyzed according to the prevalence of specific nucleotide substitution, C>T substitutions 

were the most common, accounting for over half of all mutations detected (Figure 3B).

Next, various clinicopathologic characteristics were analyzed for a correlation with various 

gene aberrations. HPV status was tested in 18 of 24 tumors that underwent whole exome 

sequencing (16 were HPV+; 2 were HPV−). TP53 mutations were present in both of the 

HPV-negative tumors and were more likely to be associated with the absence of HPV 

relative to HPV-positive tumors (odds ratio [OR] 52, P = .03). The median survival from the 

time of diagnosis of metastatic disease was 4.3 years for the pooled population of 42 

patients. Using a multivariate analysis, being HIV-negative (P < .001) and of female gender 
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(P=.01), were associated with prolonged survival. However, no mutations for any gene were 

noted to associate with survival.

RNA Profiling

Ten patients had fresh frozen tumor available for gene expression profiling. The top 200 

most variably expressed genes for expression were clustered to generate the heatmap shown 

in Figure 5. Three distinct subgroups of 4, 3, and 3 patients are noted in this analysis. To 

provide additional insight into possible distinguishing features we examined select 

frequently mutated genes and HPV-16 integration status. HPV-16 integration into the host 

genome DNA was unique/specific to the second subgroup and present in all three of these 

tumors (OR 105, P=.03). Similarly, a trend towards a mutation in PIK3CA (OR 25, P=.07) 

and subgroup 3 was also observed.

Xenograft studies

Mice were treated with the PI3K inhibitor BYL719 alone, and no difference in mean tumor 

volume after 35 days was noted between the untreated control group and the experimental 

group (899 mm3 vs 752 mm3, respectively; P=.57). However, cetuximab was also tested on 

the same PDX model, and a significantly lower mean tumor volume was noted for the 

experimental group relative to the untreated controls after 28 days (914 mm3 vs 591 mm3, 

respectively; P=.04).

Discussion

Here we report for the first time comprehensive genomic profiling with whole exome 

sequencing and gene expression profiling specifically for patients with metastatic squamous 

cell carcinoma of the anal canal. With only cytotoxic chemotherapy agents approved for the 

treatment of metastatic disease at present, these results provide an important step in the 

rational design of novel therapies for this understudied malignancy.

PIK3CA was commonly mutated noted across the entire population associated with both 

methods of sequencing, present in 29% of patients. The E545K substitution was the most 

commonly detected mutation of PIK3CA. This specific mutation in the helical domain of the 

PI3K kinase results in constitutive activation of Akt signaling associated with downstream 

oncogenic activity20,21,25,26. In previous studies of patients with anal cancer sequenced with 

more limited gene panels, PIK3CA was mutated in approximately one-third of all cases18,19, 

consistent with our findings here. Similarly, for squamous cell carcinomas of the head/neck, 

PIK3CA is more frequently mutated in HPV-positive tumors relative to the HPV-negative 

counterparts27,28 and at similar prevalence to our observations here for anal cancer, a disease 

in which the majority of tumors are HPV-positive. Use of a PI3K inhibitor generated no 

antitumor response in a PIK3CA wild-type PDX model of SCCA. Based on the relatively 

high prevalence of PIK3CA mutations in this disease, further analysis of PI3K inhibitors in 

PIK3CA mutant models, once available, are warranted to assess the potential application of 

these agents. Nonetheless, these findings lend further support to the notion that aberrant 

PIK3CA activity is present across the spectrum of HPV-associated malignancies.
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Genes important in histone modification were also frequently mutated in our series. For 

examples, mutations in MLL2 and MLL3 were present in 21% and 31% of cases, with the 

latter being the most commonly mutated gene among all that were assessed across the entire 

41 patient cohort. EP300, a histone acetyltransferase that modulates transcription of genes 

critical to physiologic cell proliferation and differentiation including TP5329–31, was 

mutated in 17% of anal cancers. MLL2 and MLL3 belong to the family of histone H3-

lysine-4 (H3K4) methyltransferases32, and trimethylation of H3K4 promotes physiologic 

gene expression33,34. Mutations in MLL2 and MLL3 generate aberrant methylation of H3K4 

and have been associated with oncogenic transformation in preclinical models35,36. For 

example, MLL3 is important in activation of TP53 gene expression, and in TP53 +/− 

models, loss of MLL3 activity gas been associated with increased cell stress via loss of 

intact DNA damage repair37. Similarly, high frequencies of double-stranded DNA breaks 

have been identified in tumor cells with MLL2 mutations, and are attributed to decreased 

expression of the RNAPOLII gene encoding for the DNA-proofreading RNA polymerase 

II38. Given that HPV oncoprotein E6 suppresses p53 and its downstream DNA repair 

mechanisms in the predominance of anal cancers39,40, these additional mutations 

responsible for histone/chromatin modulation provide additional insight into defective DNA 

repair mechanisms as drivers for this malignancy. This notion may be critical for all anal 

squamous cancers regardless of HPV status, as HPV-negative tumors were also associated in 

our study with TP53 mutations, consistent with prior genomic characterizations of other 

HPV-associated squamous cancers19,27.

Mutated RRBP1 was a novel finding present in 29% of anal cancers analyzed across the 

entire exome, and all mutations localized to the same hotspot. This protein functions in post-

translational processing of proteins secreted from the endoplasmic reticulum41 and has been 

implicated in cell autophagy42,43. While these mutations have not been previously described 

for RRBP1, overexpression of this gene has been reported in other solid tumors, including 

breast and colorectal adenocarcinomas44,45. In non-metastatic colorectal cancer, high 

expression of RRBP1 has been described as a poor prognostic biomarker44. While no effect 

on metastatic survival was noted in this population of patients with metastatic SCCA based 

on RRBP1 mutation status, our findings of this gene warrants further evaluation in future 

studies for anal cancer.

Mutations in oncogenes critical to MAPK signaling were not routinely detected in the 

tumors analyzed here. Lack of such mutations has been previously described in anal cancer 

and is also consistent with other HPV-positive squamous tumors18,19. Based on our findings, 

we do not believe routine testing for mutations in KRAS, NRAS, or BRAF is required, as 

the results are unlikely to influence clinical decision making in the management of 

metastatic anal cancer7. Given that cetuximab, a monoclonal antibody against EGFR and its 

downstream signaling targets, is approved for surgically unresectable and advanced head/

neck cancers, we tested cetuximab in a PDX model wild-type for PIK3CA and for EGFR, 

KRAS, NRAS, and BRAF. While reduction in tumor size was not noted following treatment 

with BYL719, a significant reduction in tumor volume was seen in tumors treated with 

cetuximab relative to untreated controls. Our findings provide rationale for future 

combination studies involving anti-EGFR therapies in metastatic anal cancers lacking 

activating mutations of MAPK and PI3K/mTOR signaling.
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Notably, unlike other solid tumors such as melanoma, renal cell carcinoma, and 

microsatellite-high colorectal cancer46,47, which have demonstrated response to immune 

checkpoint inhibitors associated with a high underlying mutation burden, our analysis of 

metastatic anal cancer by whole exome sequencing did not feature a high mutational load. 

Indeed, the overall mutation frequency was similar to what has been detected in other HPV-

associated squamous cancers. The anti-PD-1 antibody nivolumab has been reported as an 

effective therapy for patients with metastatic SCCA from a recent phase II study48. For a 

proportion of patients treated with nivolumab, response appeared to be associated with an 

inflammatory tumor microenvironment characterized by the presence of cytotoxic T cells 

and a PD-1:PD-L1 axis amenable to blockade by nivolumab. Applying our findings here, we 

surmise that the immunogenicity of these tumors is not driven by hypermutated tumors 

given that our results are consistent with low mutation rates.

In an effort to characterize better these metastatic anal canal cancers, we performed gene 

expression profiling of ten available frozen tumors. Despite the small number of available 

specimens, three separate subgroups were identified based on RNA levels of variable genes. 

PIK3CA-mutant tumors appeared to cluster into one distinct group, whereas a second 

subgroup featured only tumors characterized by integration of HPV-16 DNA into the tumor 

cell genome. Our findings here are consistent with reported data from head/neck cancers, 

whereby HPV-negative tumors and PIK3CA-mutated tumors clustered into distinct 

subtypes49. Detection of HPV DNA into the host genome using this approach has been 

previously described for HPV-positive cervical and head/neck tumors50. The differential 

gene expression patterns, in the background of low mutation burdens, highlight the role of 

non-mutation aberrations which affect gene expression in a manner relevant to defining 

subclassifications potentially of this disease. Given the aforementioned genes vital to 

chromatin remodeling, it is feasible that epigenetic aberrations may contribute to defining 

gene expression signatures within this population.

No survival differences or other clinical features were found to be correlated with mutation 

status in our series. We recognize that our analyses are limited by a relatively small number 

of tumor samples, a testimony to the sparse number of patients with metastatic anal cancer. 

In addition, as all patients included in our work had distant metastases, it is possible that 

their tumors uniformly featured aberrations driving a more aggressive underlying phenotype 

such that genomic drivers responsible for differential clinical features could not be 

distinguished among a cohort of only metastatic patients. Future studies comparing genome 

profiling for patients with early-stage anal cancer, for which the majority of patients will be 

cured with chemoradiation, are clearly warranted to identify relevant drivers of disease 

progression or chemoradiation resistance that potentially can be targeted with matched novel 

therapies.

This series represents the first cohort of patients with metastatic squamous cell cancer of the 

anal canal to undergo complete exome sequencing. Our findings are strengthened by similar 

results in an independent cohort of patients whose tumors were sequenced with an alternate 

methodology. In addition, mutation profiles for our series are consistent with prior data for 

other HPV-positive malignancies and provide further rationale for the study of these solid 

tumors not only by disease site but also by the responsible underlying biological drivers. 
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Given the emerging role of immunotherapeutic agents in the treatment of metastatic anal 

cancer, these results provide an important step forward into understanding the relevant 

drivers for this disease upon which subsequent future clinical trials may be designed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
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Figure 2. 
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Figure 3. 
Median frequency of somatic mutations per megabase of nucleotides analyzed (with 

interquartle range) for anal cancer and other squamous cell cancer types (A) and of the 

nucleotide substitutions detected for SCCA (B).
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Figure 4. 
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Figure 5. 

Morris et al. Page 18

Mol Cancer Res. Author manuscript; available in PMC 2018 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
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Table 1

Patient Demographics

Median Age at Diagnosis 57 years (Interquartile Range, 49–60)

Stage at Diagnosis (%)

  II 14 (34)

  III 12 (29)

  IV 15 (37)

Gender (%)

  Female 33 (80)

  Male 8 (20)

Ethnicity (%)

  Caucasian 39 (95)

  African-American 2 (5)

HIV-Positive (%) 3 (7)

Tumor Differentiation (%)

  Well differentiated 1 (2)

  Moderately differentiated 13 (32)

  Poorly differentiated 27 (66)

Metastatic Site (%)

  Liver 21 (51)

  Lung 19 (46)

  Lymph Node 17 (41)

  Local (Unresectable) Recurrence 15 (37)
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Table 2

Frequency of most commonly occurring mutations in a separate sequencing methodology for 17 SCCA tumors

Gene

Patients with Gene Mutation
in whole exome analysis

(N=24)

Patients with Gene Mutation
in 263-gene panel

(N=17)
Frequency

(%)

MLL3 6 7 32

PIK3CA 7 5 29

MLL2 5 4 22

EP300 3 4 22

TP53 3 5 20

AKT1 2 1 7

ERBB3 2 1 7

PTK2 2 1 7

EGFR 1 1 5

BRAF 2 0 5

FGFR2 0 1 2

KRAS 1 0 2

NRAS 1 0 2
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