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A B S T R A C T   

Background: Head and neck squamous cell carcinomas are treated by surgery, radiotherapy (RT), chemo
radiotherapy (CRT) or combinations thereof, but locoregional recurrences (LRs) occur in 30–40% of treated 
patients. We have previously shown that in approximately half of the LRs after CRT, cancer driver mutations are 
not shared with the index tumor. 
Aim: To investigate two possible explanations for these genetically unrelated relapses, treatment-induced genetic 
changes and intratumor genetic heterogeneity. 
Methods: To investigate treatment-induced clonal DNA changes, we compared copy number alterations (CNAs) 
and mutations between primary and recurrent xenografted tumors after treatment with (C)RT. Intratumor ge
netic heterogeneity was studied by multi-region sequencing on DNA from 31 biopsies of 11 surgically treated 
tumors. 
Results: Induction of clonal DNA changes by (C)RT was not observed in the xenograft models. Multi-region 
sequencing demonstrated variations in CNA profiles between paired biopsies of individual tumors, with copy 
number heterogeneity scores varying from 0.027 to 0.333. In total, 32 cancer driver mutations could be iden
tified and were shared in all biopsies of each tumor. Remarkably, multi-clonal mutations in these same cancer 
driver genes were observed in 6 of 11 tumors. Genetically distinct heterogeneous cell cultures could also be 
established from single tumors, with different biomarker profiles and drug sensitivities. 
Conclusion: Intratumor genetic heterogeneity at the level of the cancer driver mutations might explain the 
discordant mutational profiles in LRs after CRT, while there are no indications in xenograft models that these 
changes are induced by CRT.   

Introduction 

Head and neck squamous cell carcinoma (HNSCC) develops in the 
epithelial cells of the mucosal lining of the upper aerodigestive tract. 
HNSCC is one of the more common cancers with approximately 900,000 
new cases per year diagnosed worldwide [1,2]. Exogenous carcinogens 
such as tobacco and alcohol are the classic risk factors for HNSCC. More 
recently a persistent infection with the human papillomavirus (HPV) has 

been recognized as risk factor [3], particularly in oropharyngeal squa
mous cell carcinomas (OPSCC). HPV-positive OPSCC have a more 
favorable prognosis, a different molecular profile, and are considered a 
separate disease entity as compared to HPV-negative OPSCC [4]. 

Treatment for cure of HNSCC depends on site, stage of the disease, 
histological findings after surgery, and physical condition including age 
of the patient. For advanced stage tumors (III–IV) outside the oral cavity 
definitive chemoradiotherapy (CRT) is applied, the concomitant 
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application of systemic cisplatin-based chemotherapy and locoregional 
RT. Advanced stage oral cancers are generally treated with a combina
tion of surgery and postoperative RT with or without chemotherapy [3]. 

Despite substantial advances in imaging, diagnostics, and treatment 
options for patients with head and neck squamous cell carcinoma 
(HNSCC), the 5-year overall survival (OS) has only modestly improved 
last few decades, and these figures may be even overvalued by the 
increasing fraction of HPV-positive OPSCC with more favorable prog
nosis. The major clinical problem are still local recurrences (LRs). LRs 
are clinically defined as a recurrent tumor within 2 cm of the primary 
tumor and within 3 years after first diagnosis[5]. LRs develop in 30–40 
% of advanced stage HPV-negative patients, and are difficult to manage 
as they are mostly detected late [6,7]. 

The origin of LRs has been widely studied especially in surgically 
treated patients. LRs after surgery can be explained by residual tumor 
cells and alternatively by field cancerization [8–11]. In a few recent 
studies the pathobiological origin of LRs after (C)RT has been investi
gated. De Roest et al. studied the genetic relationships of primary tumors 
(PTs) and LRs of patients treated with CRT[12], and showed by copy 
number alteration (CNA) profiling and mutational analysis of the most 
frequently mutated cancer driver genes, that only half of the relapses 
appeared to be genetically related to the corresponding PTs, while the 
other half seemed genetically unrelated. Hedberg et al. reported data 
from a similar study but noted absence of genetic relationships in 1 of 10 
studied pairs[8]. Most recently, Weber et al. studied a cohort of samples 
of tumors and LRs treated by surgery with or without adjuvant (C)RT or 
definitive (C)RT and demonstrated that 15 % was not genetically related 
based on the mutational profile[13]. In the latter study patients were 
treated with a mix of modalities, which makes extrapolation of results 
difficult. 

Despite the differences in reported frequencies: in all studies a sub
group of LRs appeared to be genetically unrelated to the PT after (C)RT 
varying from 10 % to 50 %. There are multiple explanations for these 
findings. Field cancerization might play a role, as has been reported for 
surgically treated patients, but seems less likely as this implies sharing of 
at least some genetic changes, while in these seemingly genetically un
related LRs after CRT no changes at all were shared. Definitive (C)RT 
might also have induced genetic changes. It has been well established 
that RT and cisplatin cause specific mutational signatures [14,15]. It is 
therefore well conceivable that LRs after (C)RT may have acquired 
additional mutations, although this would not explain the observation 
that driver mutations present in the index tumors seemed to have dis
appeared in LRs. 

Another explanation might be that tumors are genetically hetero
geneous and contain different clones with distinct mutations, and some 
of these clones characterized by different driver mutations might be 
selected for outgrowth by the treatment. This intratumor genetic het
erogeneity has been well studied in other tumor models mostly by 
exome sequencing, but generally most cancer driver genes were shared 
[16–18]. Here we studied both treatment induction of mutations in 
animal models, and heterogeneity at the level of the cancer driver genes, 
as possible explanations for these seemingly genetically unrelated LRs 
after CRT. 

Methods 

Animal models 

Xenograft models are described in the Supplementary methods. 

Multi-region biopsies 

Patients with a primary tumor surgically treated at Amsterdam UMC 
or the University Hospital of Parma were enrolled. Spatially distinct 
biopsies were taken from the resection specimen after surgery, aiming at 
3 biopsies per patient. In total, 31 biopsies from 11 resected primary 

tumors were collected and analyzed. Caution was taken to have suffi
cient spatial distance between the biopsies. None of the patients received 
treatment before surgery. Biopsies were snap-frozen and stored in liquid 
nitrogen. The study was approved by the Institutional Review Boards of 
Amsterdam UMC and Parma University Hospital, and was carried out 
according to the Federa guidelines on studies with human tissues and the 
privacy act of the EU commission. 

Heterogeneous cell cultures of tumor biopsies 

Biopsies were collected in storage medium (DMEM with 5 % fetal 
bovine serum (FBS), gentamicin 5 mg/ml Amphotericin B 2.50 µg/ml) 
and incubated overnight at 4 ◦C. Next day, biopsies were cut in small 
pieces and plated in Matrigel in several wells in DMEM/F12 with 5 % 
FBS and Primocin antibiotics (InvivoGen). Cultures that proliferated 
well were inspected for cells with different morphology, and morpho
logically different cell clones were selected by differential trypsinization 
when possible. Cultures were genetically characterized as described 
below, immunohistochemical biomarkers as well as drug sensitivity 
were evaluated according to van Harten et al.[19]. The study was 
approved by the Institutional Review Board at Amsterdam UMC and 
patients were enrolled in the study after written informed consent. 

Sequencing and data analysis 

Samples workup, sequencing and data analysis is described in the 
Supplementary methods. 

Copy number heterogeneity score of multi-region biopsies 

For each patient, one of the biopsy samples (generally with highest 
purity) was designated as anchor sample, and tumor purity and ploidy 
for this sample was determined using ACE, finding the best fit in terms of 
both copy numbers and mutant copies of driver mutations. Concordant 
fits were determined for all other biopsy samples of the patient by 
minimizing the summed distance of the segments to both the nearest 
integer and the corresponding segments of the anchor fit. The multi
sample Copy Number Heterogeneity score (CNH-score) was calculated 
as the copy number standard deviation (sd) of all paired samples, 
calculated over all segments (i), and weighted by segment length (w): 
∑

w(i)sd(i)∑
w(i)

. The method of calculating the multisample CNH-score is also 

displayed in Supplementary Fig. 1. 

Clonality analysis of mutations in multiregion biopsies 

To ensure accurate (sub)clonal mutation calling we performed duplex 
consensus sequencing (DCS) analysis with a cut-off of > 3 DCS reads [20]. 
By DCS analysis, sequencing artefacts are removed, and at this level of > 3 
DCS reads rare somatic mutations are also discarded, and reliable (sub) 
clonal mutations remain. Variant copies were calculated based on the VAF, 
the copy number of that locus, and tumor purity using the linkvariants 
function of the ACE package. Somatic mutations were defined as clonal 
when they were present with more than or equal to 0.5 copies in the tumor 
cells, based on the assumption that a cancer driver gene can be mutated on 
one allele. We defined a mutation as subclonal if it was present with fewer 
than 0.5 copies but above background. The significance above background 
was calculated by a Poisson test on the VAFs, and only considered when 
the VAF was significantly higher (P < 0.001) than the VAF of all other 
samples of all patients at that position. A unique variant was defined as a 
clonal or a subclonal variant present in only one biopsy but not in any 
other biopsy of the same tumor as calculated above. Variant copy rate 
ratios and associated p-values are calculated using the R stats poisson.test 
function comparing the rates of variant-supporting reads with other 
samples in the same tumor, corrected for the sample tumor purity. Code is 
available on request. 
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Results 

In the VU-SCC-OE xenograft model that responds to 2x 3 mg/kg 
cisplatin and 2x 2 Gy RT (Fig. 1), we did not note any clonal change in 
mutations or CNA-profiles that was induced by the treatment (data not 
shown). However, this model is more a residual disease than recurrence 
model, and RT doses are much lower than used in patients. 

The FaDu model is a more realistic HNSCC relapse model. The 2 
untreated tumors were collected after 1–2 weeks after tumor cell in
jection, and growth curves are shown in Supplementary Fig. 2 and Fig. 3. 
For the two treated xenografts that were sequenced, one tumor received 
50 Gy, 1.66 Gy/fx daily for 6 weeks and the LR was collected at day 47 
following the last radiation fraction, while the second tumor received 
60 Gy (2 Gy/fx, 30 fx) and the LR was collected at day 52 after the last 
RT treatment. These tumors were strongly reduced in size by the high 
dose radiotherapy and needed almost two months to recur. Both lcWGS 
and target-enrichment sequencing were performed on the DNA of the 
primary xenograft and the relapsed tumors. We noted small differences 
in the CNA profiles, but these did not relate to the treatment (Supple
mentary Figs. 3–7). Key driver mutations known to be present in FaDu 
cells in TP53, KDM6A, CDKN2A and FAT1 were present in the recur
rence. Additional mutations were only found at low VAF and equally 
distributed over treated and untreated tumors. Obviously we tested a 
limited number of samples and cell lines, but the complete lack of any 
induced clonal mutation in the driver genes in both cell line models, 
indicated that this seems a not very convincing explanation of these 
seemingly unrelated recurrences after CRT. 

Next, we investigated whether intratumor genetic heterogeneity 
could serve as an alternative explanation for the discordant driver mu
tations between primary and recurrent tumors.We collected biopsies 
from multiple regions of resected tumors, and analyzed presence of 
multiclonal mutations in the cancer driver genes. In total, 31 spatially 
distinct biopsies were studied from 11 cancer specimen after surgery, 
with a median of 3 biopsies per patient. Patient characteristics are listed 
in Table 1. 

Both low coverage whole genome sequencing was performed to 
generate copy number profiles and target-enrichment sequencing for 
mutations. Copy number profiles and mutational data were used to 
determine both ploidy and cellularity (tumor percentage) of individual 
biopsies based on the most likely fit across all samples of a tumor. The 
tumor percentage of biopsy 3 from tumor ITGH-6 was below 5 % and 
therefore excluded from further analysis. 

The copy number profiles showed the characteristic alterations for 
HNSCC with losses and gains at 3p, 8p, 9p, and 11q. Most CNAs were 
identical between biopsies of the same tumor, but differences between 
biopsies were observed to varying degrees in all tumors. This is exem
plified in patient ITGH-15; two biopsies share several CNAs with specific 
breakpoints (e.g. on chromosome 3 and 9), but both also harbor unique 
CNAs (Fig. 2A). To quantify copy number heterogeneity we developed a 
multisample CNH-score defined as the standard deviation of segments 
between paired samples averaged across the genome (Supplementary 
Fig. 1). Multisample CNH-scores ranged from 0.027 to 0.333 across all 
patients (Fig. 2B). We further noted a good correlation between our 
multiregion CNH-score and the single biopsy CNH-score by van Dijk 
et al. (Fig. 2C)(21). 

We next analyzed intratumoral genetic heterogeneity at the level of 
the driver gene mutations. For mutation calling, target-enrichment 
sequencing was performed using a capture panel that included 29 
human cancer driver genes frequently altered in HNSCC according to the 
data from TCGA, supplemented with full genome of HPV 16 and E7 
sequences of 14 other high risk HPV types (Supplementary Table 1 +
[22]), and sequenced these with high coverage. Mean coverage of all 
samples was 4,178 (range 1,973 – 5,794) (see Supplementary Table 2 for 
detailed coverage information). No HPV reads of significance were 
found in our analysis as expected for oral cancers. All called variants are 
listed in Supplementary Table 3. 

The median number of variants per tumor was 3 (range 1–7). All 
biopsies of every tumor shared the clonal driver mutations. However, 6 
of 11 tumors showed multiple subclonal driver mutations in one or more 
biopsies. Subclonal mutations were also found in the well-known driver 

Fig. 1. Response of VU-SCC-OE xenografts on CRT. Relative tumor volumes with standard error of the mean are depicted (8 mice per group). At day 0 and day 8, 3 
mg/kg CDDP and 2 Gy radiation was administered (indicated with black arrows). At day 16 (the last day that all mice remained in the study), the tumor volume in 
the treated group was significantly smaller compared to the untreated group (P = 0.003, 2-tailed Mann-Whitney U test). 
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genes TP53 and PIK3CA, already by standard analysis pipelines. DCS 
analysis, which is very specific by combining the variant data of the 
complementary DNA strands and allowing specific mutation detection at 
much lower VAF, revealed 3 extra variants in driver genes displayed in 
Fig. 3. An interesting case is ITGH-7 since clonal mutations occurred in 
CDK2NA (c.387C > A; p.Y129*), KMT2D (c.16373A > T; p.E5458V) and 
TP53 (c.811G > A; p.E271K) in all 5 biopsies, but an extra TP53 sub
clonal mutation (c.320A > G; p.Y107C) was present in the second biopsy 
only. This TP53 mutation was absent in all other biopsies (0 variant base 
calls with coverage between 554 and 1,614) while it was convincingly 
present with 29 DCS reads with a coverage of 1,005 in that particular 
biopsy. Additionally, a subclonal PIK3CA mutation (c.3140A > G; p. 
H1047R) was detected in biopsy 4 with 10 DCS reads with a coverage of 
912, while absent with 0 DCS reads in all other biopsies with a coverage 

between 816 and 2,013 at that position. These data demonstrate that 
subclonal mutations in the cancer driver genes do occur frequently. 

When we observed intratumor genetic heterogeneity by multiregion 
sequencing both at the copy number level and the mutation level, we 
wondered whether we could establish heterogeneous cell lines from 
multiregion biopsies of tumors. As different cell lines may have very 
different morphologies with respect to cell volume and shape, we 
focused on morphological distinction. We tested eight biopsies and 
noted in two cases cells with different morphology in culture. In one case 
we could not separate these by differential trypsinization. For the other 
case we could establish two distinct cell lines from one tumor biopsy. 
The two clones showed the same mutation in the 29 tested cancer driver 
genes, but were clearly distinct at the copy number level (Fig. 4a/4b). 
They also expressed other proteins as shown by immunostaining 

Table 1 
Patient characteristics.  

Study ID Gender Age diagnosis Alcohol(units per week) Smoking (pack years) Subsite TNM Stage #biopsies 

ITGH-3 M 68 6 56 Floor of mouth pT1N0 3 
ITGH-4 M 80 missing 20 Retromolar trigone pT4aN2b 3 
ITGH-5 M 64 28 40 Retromolar trigone pT4aN0 3 
ITGH-6 M 69 7 12 Retromolar trigone pT4aN2b 2 
ITGH-7 M 67 30 13 Retromolar trigone pT4aN1 5 
ITGH-10 F 53 35 30 Floor of mouth pT4aN2c 3 
ITGH-13 M 82 14 <5 Palate pT4aN0R1 2 
ITGH-14 M 62 40 22 Cheek pT4aN0 3 
ITGH-15 F 72 <1 0 Lower alveolar ridge pT4aN2b 3 
NPR206 M 86 0 0 Cheek pT2N2b 2 
NPR207 M 58 0 0 Retromolar trigone pT4N1 2 
HN937 M 73 34 6 Larynx pT4aN1 2  

Fig. 2. A). Intratumor genetic heterogeneity by multiregion sequencing. The copy number profiles of biopsy T2 and T3 of tumor ITGH-15 are depicted: some 
differences are indicated with a closed arrow and some similarities are indicated with a striped arrow. B). Waterfall plot of the calculated multiregion-CNH-Scores. 
C). Correlation plot of the multiregion CNH-score and the single CNH score according to (21) R^2 = 0.942, p < 0.0001. 
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(Fig. 4c). Cell line A shows signs of epithelial-mesenchymal transition 
(EMT) with strong vimentin immunostaining and absence of CD44v6. 
Also, the difference in MCL1 inhibitor response between the lines is 
remarkable and amounts to one log difference of IC50 (Fig. 4d). Review 
of the histological slides of the tumor specimen did reveal differences 
determined by staining for vimentin and CD44v6, although this is 
somewhat blurred by the high background of vimentin staining in 
stromal fibroblasts (Fig. 4e). 

Discussion 

The observation that a certain percentage of relapses after CRT are 
genetically discordant, has been observed in three independent studies 
at different centers and forms a challenging problem for the future. The 
pathobiological mechanism of these genetically unrelated local relapses 
after RT/CRT remains at present unclear. There a multiple explanations 
possible including field cancerization and even completely independent 
origin as second primary tumors. Identification of the pathobiological 
mechanisms that cause development of LR will improve our under
standing of this phenomenon and may point to prognostic relevance and 
better treatments. For definitive (C)RT also treatment-induced genetic 
changes and intratumor genetic heterogeneity might play a role, and 
these two instigating explanations were investigated in this study. 

In previous studies it has been shown that radiation causes DNA 

damage such as single stranded and double stranded breaks, and also the 
relevance of DNA repair in radioresistance is well studied [15,23]. 
Alexandrov et al. reported that mutational signatures associated with 
chemotherapy, including cisplatin, and RT can be deduced by genome 
sequencing[14]. However, based on the experimental data in the 
xenograft models, it appears that treatment–induced genetic changes 
that turn into clonal driver mutations do not occur, and are an unlikely 
explanation for these seemingly genetically unrelated relapses. 

As an alternative mechanism, we studied intratumoral heterogeneity 
by comparing CNAs and mutations between multiregion biopsies of one 
resection specimen. We could only study this in resection specimen of 
oral cancers, which are typically not treated by definitive (chemo) 
radiotherapy, but we assume that these data can be well extrapolated, 
although this should be proven in future prognostic studies. We 
demonstrated many differences between copy number profiles, and 
calculated a multisample CNH-score that varied between 0.027 and 
0.333. A potential limitation of our study was that the number of bi
opsies per tumor was uneven, which might have impacted the calcula
tions. However, when our multisample CNH score was compared to the 
single-sample CNH score previously described by van Dijk et al.[21], 
these correlate well. Perhaps unsurprisingly, copy number profiles 
strongly supported clonal relations between samples of the same tumor 
in all patients. 

In contrast to CNAs, mutations can be very specifically called even at 

Fig. 2. (continued). 
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lower abundance. Most cloncal mutations were identical but we found 
that 6 out of 11 tumors contained subclonal mutations in the HNSCC 
cancer driver genes. Importantly, this impacted the earliest cancer 
driver genes such as TP53 as if these tumors are of multiclonal origin. 

Future studies have to show whether genetic heterogeneity at the 
CNA level and cancer driver gene level as reported here, correlates with 
treatment response and outcome. Also the relevance for novel treat
ments such as immunotherapy, need to be addressed. 

As indicated above, the presence of genetically distinct recurrences 
in HNSCCs also raises questions about the potential role of second pri
mary tumors (SPT). Although this has not been observed for LRs after 
surgery, this might be different after definitive CRT. While our 

subsequent study focused on intratumor genetic heterogeneity as a po
tential explanation, the possibility of SPTs following treatment cannot 
be ignored. This is a relevant finding also in the broader context of 
protons versus photons. 

In conclusion, seemingly genetically unrelated recurrences occur in 
10–50 % of treated head and neck cancer patients after (C)RT. Treat
ment induction of DNA changes seems the most unlikely explanation for 
this phenomenon. Intratumor genetic heterogeneity and treatment- 
induced selection of specific subclones is a more likely explanation, 
although both field cancerization and independent clonal origin need to 
be considered. 

Fig. 3. Oncoplot of mutations in multiregion biopsies. The clonal mutations are depicted of all biopsies of all tumors. Patient ID is indicated below the plot in color 
code. The subclonal mutations are marked with (*) and determined by the DCS pipeline with a minimum of 3 variant reads and after exclusion of clonal variants and 
germline variants. Type of mutation is color coded. When two alleles are mutated they are indicated with triangles. Detailed data on the mutations are indicated in 
Supplementary Tables 2 and 3. Note that clonal mutations are always shared, but subclonal mutations in the same driver genes frequently occur. 
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Fig. 4. Molecular differences between cell lines VU-SCC-HN937A and VU-SCC-HN937B. Two cell lines were generated from one tumor biopsy. A) Copy number plots 
of HN937A and HN937B. Some differences are indicated with a closed arrow and some similarities are indicated with an open arrow. B) Table with detected variants 
in the cancer driver genes. C) Differences in expressed proteins determined by immunostaining, D) IC50 analysis of a panel of inhibitors. Note the major difference in 
MCLI inhibitor response. E) Differences determined by CD44v6 staining with U36 (left) and vimentin (right) indicated with an arrow. 
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