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Rationale: Amplification of distal 3q is the most common genomic
aberration in squamous lung cancer (SQC). SQC develops in a multi-
stage progression from normal bronchial epithelium through dys-
plasia to invasivedisease. Identifyingthekeydriverevents in theearly
pathogenesisofSQCwill facilitate thesearch forpredictivemolecular
biomarkers and the identification of novel molecular targets for
chemoprevention and therapeutic strategies. For technical reasons,
previous attempts to analyze 3q amplification in preinvasive lesions
have focused on small numbers of predetermined candidate loci
rather than an unbiased survey of copy-number variation.
Objectives: To perform a detailed analysis of the 3q amplicon in
bronchial dysplasia of different histological grades.
Methods: We use molecular copy-number counting (MCC) to analyze
the structure of chromosome 3 in 19 preinvasive bronchial biopsy
specimens from 15 patients and sequential biopsy specimens from 3
individuals.
Measurements and Main Results: We demonstrate that no low-grade
lesions, but all high-grade lesions, have 3q amplification. None of
seven low-grade lesions progressed clinically, whereas 8 of 10
patients with high-grade disease progressed to cancer. We identify
a minimum commonly amplified region on chromosome 3 consisting
of 17 genes, including 2 known oncogenes, SOX2 and PIK3CA. We
confirm that both genes are amplified in all high-grade dysplastic
lesions tested. We further demonstrate, in three individuals, that the
clinical progression of high-grade preinvasive disease is associated
with incremental amplification of SOX2, suggesting this promotes
malignant progression.
Conclusions: These findings demonstrate progressive 3q amplifica-
tion in the evolution of preinvasive SQC and implicate SOX2 as a key
target of this dynamic process.
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Squamous lung cancer (SQC) is believed to develop through
a series of preinvasive stages before invasion of the basement
membrane. A theoretical advantage of studying preinvasive
lesions is that key early events in the pathogenesis of cancer
may be identified, providing molecular biomarkers predictive of

future invasive disease and novel targets for therapeutics. A
separate goal is to gain an understanding of the natural history
of carcinoma development in vivo rather than in model systems.

The cancer genome is characterized by multiple genomic
rearrangements, including deletions, translocations, and ampli-
fication (1, 2), which may be driver events (i.e., involved in the
pathogenesis of disease) or so-called passenger events that are
present but do not contribute to the cancer phenotype. Re-
gional amplification of driver oncogenes is well-described in
many cancers, including lung adenocarcinoma (3, 4). In squa-
mous lung cancer 3q amplification is one of the most common
and significant genomic aberrations (5) and is a recurrent
finding in head and neck (6), esophageal (7), cervical (8), and
other cancers. Many groups have sought to define the driver
oncogenes on 3q with a view to exploiting these as molecular
biomarkers or novel therapeutic targets. Array-based studies of
SQC have identified a broad region encompassing many
hundreds of genes on 3q as a recurrent region of amplification
(5). Many candidate genes have been identified, including
TP73L (9), ECT2 (7), PIK3CA (10), DCUND1 (11), and
SOX2 (12). There are functional data implicating the latter
three genes (10–12), and a recent publication reported SOX2
amplification was present in 23% of SQCs and proposed it as
a lineage-specific oncogene (12, 13). SOX2 is a nuclear tran-
scription factor with pleiotropic roles in key biological path-
ways; as well as being implicated in oncogenesis (14), it has
critical roles in lung embryogenesis (15) and in the reprogram-
ming of adult somatic cells to pluripotency (16).

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Amplification of 3q is extremely common in squamous lung
cancer, suggesting the presence of a key driver oncogene
within the amplified part of the genome. A number of
candidate 3q oncogenes have been proposed, including
SOX2. The amplicon structure has been difficult to study in
detail in preinvasive disease because bronchial biopsies are
generally small, heterogeneous, and fixed in formalin to
preserve histological appearance.

What This Study Adds to the Field

This work demonstrates that a novel single-molecule
digital polymerase chain reaction–based technique can be
used to analyze regional amplicons in archived preinvasive
bronchial biopsies. We show that 3q amplification effec-
tively segregates high-grade dysplasia from low-grade
dysplasia and identify SOX2 as the most likely focus of
the amplicon. We also show that clinical progression is
associated with progressive amplification of SOX2.
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Fewer studies have examined the timing and role of regional
amplification in the preinvasive development of cancer. This is
because archives of preinvasive lesions are often limited and
studying them is technically challenging. Successful reports have
largely used fluorescence in situ hybridization (FISH) to define
aneusomy (17) or to examine specific loci on 3q (9, 18–21). The
results vary, but 3q amplification was detected in at least 27% of
higher-grade lesions in one study assessing eight 3q loci (21),
whereas others suggested a higher incidence. FISH is a useful
technique, but may be limited by the subjective interpretation
of results (22) as well as the inevitable focus on a small number
of predetermined target loci.

An alternative is an array-based approach. Customized
arrays have been successfully used by one group to examine
1p (23) and 5p (24) in high-grade dysplastic lesions from
archived surgical resection specimens. However, in general, it
is difficult to retrieve sufficient amounts or quality of DNA from
very small heterogeneous formalin-fixed paraffin-embedded
bronchial biopsies to reliably perform such studies without
performing a whole-genome amplification step (25). This mea-
sure inevitably introduces bias into results (26). A technique that
addresses these issues is molecular copy-number counting (MCC)
(27) and a modified protocol microdissection-MCC (mMCC)
(28). This is a digital polymerase chain reaction (PCR) approach
that facilitates the accurate analysis of large numbers of loci
(hundreds) using the small amounts of degraded DNA available
from archived clinical biopsies. It means that an unbiased
assessment of copy-number variation across a genomic region
of interest can be undertaken to any resolution. In this study we
describe the use of mMCC to perform the first high-resolution
analysis of 3q amplification in preinvasive bronchial lesions.

Some of the results of these studies have been previously
reported in the form of abstracts (29–31).

METHODS

Patients and Samples

All samples were from patients enrolled in the University College
London Hospital Early Lung Cancer Project (32). This is a broncho-
scopic surveillance study in which patients undergo repeated assess-
ment under a protocol that includes autofluorescence bronchoscopy,
computed tomography, and fluorodeoxyglucose–positron emission
tomography scanning. Patients are enrolled on the basis of having
a biopsy-proven dysplastic lesion of the bronchial tree. At the time of
enrollment none of the patients have an active diagnosis of lung cancer,
although they may have a prior history of lung cancer. Local Regional
Ethical Committee approval was obtained (01/0148). The patients
included in this report had undergone an average of 7.4 bronchoscopies
(range 1–19) in the surveillance study up to May 2007. The analyzed
biopsies were obtained over a period between 1998 and 2007. Research
biopsies were taken during surveillance bronchoscopies and fixed
immediately for 4 hours in a solution of 4% formaldehyde in
phosphate-buffered saline.

Biopsies were chosen from the research archive on the basis of the
grade of lesion recorded on the paired clinical biopsy. Seven biopsies
with low-grade dysplasia (LGD; mild or moderate dysplasia) and
10 with high-grade dysplasia (HGD; severe dysplasia or carcinoma in
situ) were selected. Sections were then taken from the corresponding
research biopsy. A team of three consultant pathologists, including the
reference thoracic pathologist, read the clinical biopsies. The corre-
sponding research biopsies were read ‘‘blind’’ by the reference thoracic
pathologist (M.R.F.). In all except three lesions the paired clinical and
research biopsies were read as the same grade, and in the three
discordant readings the opinion of the reference thoracic pathologist
was accepted. Further demographic and biopsy-related details are in
Table 1.

We obtained DNA from laser-capture microdissected dysplastic
epithelium and from peripheral blood as described. For some exper-
iments, pooled normal DNA was ultrasonicated to a median fragment
size of 600 bp to mimic the effect of formalin fixation.

TABLE 1. DETAILS OF LESIONS ANALYZED AND CORRESPONDING STUDY PATIENTS

Lesion

Number

Patient

Code Sex

Age at

Enrollment,

yr

Pack-

years*

Smoking

Status at

Enrollment

in Study

Prior Lung

Cancer

Duration

Follow-up

Contemporaneous

or Subsequent

Lung Cancer

Same or

Remote

Anatomical

Site Outcome

LG1 006† M 60 141 Ex N 18 No N/A Alive, free from lung cancer†

LG2 008 M 61 96 Ex N 18 No N/A Alive, free from lung cancer

LG3 019 M 70 60 Current N 46 No N/A Alive, free from lung cancer

LG4 020 M 53 45 Current N 39 No N/A Alive, free from lung cancer

LG5 064 M 52 30 Current N 49 No N/A Alive, free from lung cancer

LG6,7‡ 073 M 53 33 Ex N 25 No N/A Alive, free from lung cancer

HG1 002 F 71 100 Ex N 66 Yes Same ‘‘Curative’’ surgical resection

at month 13. Disease free

for .5 yr post resection. Died

year 9 from lung cancer

HG2 006† M 60 141 Ex N 53 Yes Same †Surgical resection. Alive, free

from lung cancer

HG3 076 M 58 NR Ex N 15 Yes Same and

remote

Recent diagnosis (2009)

lung cancer

HG4 012 M 65 60 Ex Y 46 No N/A Alive, free from lung cancer

HG5 017 M 66 NR Ex Y 17 Yes Remote Died, complications of treatment

for lung cancer (PDT)

HG6 024 M 73 96 Ex Y 17 Yes,

contemporary

Remote PDT to cancer and high-grade lesion.

Alive, free from lung cancer

HG7 026 M 74 40 Ex Y 42 Yes Remote Dead, lung cancer

HG8 056 M 70 65 Ex N 48 Yes Not known Dead, lung cancer

HG9 060 M 69 26 Ex N 51 Yes,

contemporary

Adjacent Treated with PDT. Alive, recurrent

disease treated endobronchially

HG10 061 M 78 80 Ex Y 9 No N/A Unknown

Definition of abbreviations: N/A 5 not applicable; NR 5 not recorded; PDT 5 photodynamic therapy.

* Pack-year: 20 cigarettes per day for 1 year.
† Patient 006 had a left upper lobe lesion (HG2) and subsequently developed a squamous carcinoma of the left upper lobe. LG1 is a biopsy taken from a lesion

subsequently detected at a surveillance bronchoscopy in the contralateral lung (right lower lobe).
‡ Patient had multifocal low-grade disease. Lesion LG7 was read as squamous metaplasia by the reference thoracic pathologist.
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mMMC

This method was recently described in detail (28). In brief, test DNA is
diluted and dispensed across a microtiter plate to less than a haploid
genome per aliquot. Each aliquot is tested for the presence or absence
of a target sequence in a two-phase hemi-nested digital PCR assay. The
relative copy number of individual markers is derived by comparing
the number of aliquots positive for each marker. In this study data
were normalized to the mean value of three to five reference markers
from regions of the genome previously shown to generally be at
normal copy in SQC (28). Primer design was as previously described

(28). All primers were supplied by Operon GmBH (Germany) or
Sigma (Dorset, UK). The genomic position of markers was taken
from the Ensembl database, National Center for Biotechnology In-
formation reference human genome sequence release 36 – NCBI36
(www.ensembl.org). All oligonucleotide sequences are freely available
on request.

FISH

FISH was performed on metaphase spreads and tissue sections.
For metaphase spreads a standard protocol was followed to confirm

Figure 1. Comparison of chromosome 3 profile in high-grade (HG) and low-grade (LG) bronchial dysplasia. Markers are located at approximately

2.2-Mb intervals along chromosome 3 and have previously been validated (28). Results are normalized to the average of three to four reference
autosomal loci (see METHODS). Representative results are shown for (A) three HG lesions or (B) three LG lesions. The HG dysplasias (HGDs) show

marked amplification of 3q relative to 3p when compared with the same markers tested against low-grade dysplasias (LGDs). This was true for each

LG and HG lesion assessed. (C ) The average result for each marker is plotted comparing HGDs (n 5 10) with LGDs (n 5 7) and pooled normal DNA

from peripheral blood leukocytes. Iterative microdissection molecular copy-number counting experiments (see Figure 2) identified a minimal
common amplified region shaded in gray, which corresponded to the region of peak amplification.
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Bacterial Artificial Chromosome BAC position. For paraffin-embed-
ded archived biopsy specimens, 3-mm sections were freshly cut onto
polylysine-coated microscope slides (VWR, Lutterworth, UK) and
heated overnight at 588C. Previously described pretreatment and
hybridization protocols were followed (33, 34). Slides were visualized
with a Nikon E800 microscope mounted with a 100 W mercury lamp
light source. Composite raw images were pseudocolored and enhanced
using CytoVision software (Genetix, New Milton, UK). Images
presented were exported from CytoVision and processed with Adobe
Photoshop and Adobe Illustrator.

Immunohistochemistry

Immunohistochemistry was performed using antibodies to human
SOX2 (R&D Systems, Minneapolois, USA clone 245610) and PI3Ka

(Sigma; catalog number HPA009985). Sections (2 mm) were cut onto
polylysine-coated slides and incubated overnight at room temperature.
Sections were dewaxed, and antigen retrieval was performed by
microwave treatment in citrate buffer. Antigen detection was performed
using the primary antibodies (both 1:200), biotinylated secondary anti-
bodies, and streptavidin-horse radish peroxidase (DAKO, Glostrup,
Denmark)/3,39-diaminobenzidine (Vector Labs, Burlingame, USA).
Slides were counterstained with hematoxylin.

Statistical Methods

P values are two-sided t tests.

RESULTS

Seven low-grade (including 1 squamous metaplasia) and 10
high-grade bronchial lesions were assessed (Table 1) and a
comparison made of sequence copy-number in the two groups
of lesions, of which representative examples are shown (Figure 1).
For each LGD, there was no difference in copy number
between 3p and 3q. However, in each case, the high-grade
lesions had amplification of 3q relative to both 3p and reference
autosomal markers. Importantly, as this is a longitudinal bron-
choscopic surveillance study, the histological and clinical out-
come for each patient and/or lesion is known and can be
compared with the genomic signature (Table 1). In this series,
none of the low-grade lesions progressed, and none of those
individuals has subsequently gone on to develop lung cancer. Of
10 individuals with HGD and 3q amplification, 2 had contempo-
rary invasive cancer, and 6 others later developed cancer. Of the
eight patients who developed cancer, four had tumors detected at
sites remote from the HGD analyzed, an observation consistent
with ‘‘field cancerization.’’ One of the patients, Patient 006, had
a low-grade lesion diagnosed at surveillance bronchoscopy after
having a HGD and subsequent cancer diagnosed and resected
from the contralateral lung. He has not had a recurrence of
cancer since his low-grade lesion was diagnosed.

The 3q amplicon had a different structure in each HGD
lesion analyzed (Figure 1). The minimum commonly amplified
region (MCAR) across the cohort of HGDs was defined by
using mMCC to iteratively resolve amplicon borders so that
genes lying within the MCAR could be identified (Figure 2).
The MCAR spanned approximately 4.3 Mb and encompassed
17 genes, 17 noncoding RNAs, and 6 pseudogenes (see Table E1
in the online supplement). It corresponded well to the region of
peak amplification across the same cohort of high-grade lesions
(Figure 1). Of note, previously suggested candidate 3q onco-
genes, including TP73L (18), DCUND1/SCCRO (11), and
ECT2 (7) did not lie within the MCAR. Using online databases
and previously published reports, PIK3CA and SOX2 were
identified as the most likely driver oncogenes within the
MCAR. The fact that the regional amplification encompassed
PIK3CA and SOX2 suggests, but does not specifically confirm,
amplification of specific loci. Therefore, new mMCC markers
were designed to specifically test the relative copy number of

these genes, and increased copy of both PIK3CA and SOX2 was
confirmed in each HGD (Figures 3A and 3B). Immunohisto-
chemical analysis of the same low- and high-grade lesions was

Figure 2. Identifying the minimal commonly amplified region

(MCAR). (A) Two lesions, high-grade (HG)1 and HG5, were informative

for defining the MCAR. The markers from the original chromosome
survey were at approximately 2-Mb intervals. Examples of the iterative

higher-resolution analysis of HG5 are shown. This was performed to

better define the (B) proximal and (C ) distal amplicon boundaries and

so identify genes lying within the amplicon. For HG5 the boundary was
around 178.85 Mb and the distal boundary at around 185.05 Mb.

Similar experiments on HG1 revealed the distal boundary for this lesion

to be around 183.2 Mb. For this cohort of lesions, therefore, the MCAR
lay between 178.85 and 183.2 Mb. In (B) and (C) microdissection

molecular copy-number counting results on control DNA from periph-

eral blood from the same patients is used to demonstrate the somatic

nature of the amplicon in the microdissected dysplastic tissue.
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performed for both PI3Ka and SOX2 expression and demon-
strated differential expression consistent with the genomic
changes noted (Figures 3C and 3D).

The samples derive from a longitudinal clinical study;
therefore, for some participants serial bronchial biopsies are
available over a follow-up period. The combination of this rare
resource and the MCC technique provided a novel opportunity
to precisely define changes in the amplitude of copy-number
gain at specific loci in sequential biopsies from the same
individual. A comparison of PIK3CA and SOX2 copy number
was therefore performed on temporally separate biopsies from
the same anatomic location in two cases (002 and 026), and in
a third (017) from a left upper lobe biopsy and a later tracheal
biopsy (Figure 4). Patient 002 was previously reported in
a comparative genomic hybridization analysis (35); further
details of their clinical histories are available in Figure E1.
The results showed that the relative copy number of SOX2, but
not PIK3CA, increased between biopsies in two of the three
pairs of lesions. In the third case (Patient 017), although the
relative copy number of both SOX2 and PIK3CA did not
significantly increase between the first and second biopsy, FISH
analysis revealed an increase in the number of signals per
nucleus in the later biopsy. mMCC measures relative copy
number of analyzed loci, whereas FISH estimates the absolute

number of copies per nucleus. One explanation for these
results is that the relative copy number remained static but
there was an increase in ploidy between the two lesions
leading to an increase in absolute copies of PIK3CA and
SOX2. The results from Patient 002 (Figure 4) suggested
a dramatic preferential amplification of SOX2 relative to
PIK3CA in the progression from HGD to cancer. This was
corroborated by comparing the low-resolution chromosome 3
data from the high-grade lesion and a subsequent cancer (002-
CA1) (Figure 5A). The chromosome 3 profile of the cancer
resection specimen (002-CA1) was previously used to demon-
strate the ability of the mMCC technique to analyze regional
genome structure using picogram quantities of degraded DNA
(28). A subsequent high-resolution mMCC scan across the 3q
amplicon in 002-CA1 demonstrated an intraamplicon subpeak
of super-amplification that spanned up to 1 Mb (Figure 5B)
but contained only a single gene, SOX2. This result was
confirmed by FISH data from the same lesion, which demon-
strates paired amplification of PIK3CA and SOX2, as would
be expected from loci that are only 2.6 Mb apart, but also
discrete further amplification of SOX2. In addition to the
SOX2 amplification, immunohistochemistry revealed a high
nuclear expression of SOX2 in cancer cells compared with
surrounding stroma (Figures 5C and 5D).

Figure 3. (A) Multiple markers were designed to interrogate the copy number of two genes, PIK3CA (n 5 3) and SOX2 (n 5 5); the markers’

location is indicated by black arrows in a modified screenshot from the Ensembl database. (B) The copy number of PIK3CA and SOX2 was analyzed

for each high-grade dysplasia (HGD) and pooled normal genomic DNA (N). Results from individual experiments show the mean and standard
deviation of multiple markers for each locus (reference autosomal, [n 5 3–5]; PIK3CA and SOX2). (C) Immunohistochemistry for PI3Ka on low-grade

dysplasia (LGD) and HGD biopsies. In seven of nine biopsies there was strong cytoplasmic staining in HGD compared with weak staining in five of

seven LGD lesions. (D) Nuclear expression of SOX2 was increased in a number of high-grade lesions relative to low-grade lesions. However, for
a number of lesions it was not possible to discriminate LGD and HGD on the basis of SOX2 immunostaining.
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DISCUSSION

In this work, MCC has facilitated the most detailed genomic
dissection to date of the critical 3q amplicon in preinvasive
bronchial biopsies, material that heretofore was difficult to
study. We have confirmed that mMCC can define regional
genomic structure in detail using limited amounts of archived
material. We have also shown that 3q amplification is a consis-
tent finding in all HGD lesions analyzed and that it readily
discriminates LGD from HGD in this cohort of samples.
Therefore, 3q amplification may well represent a useful molec-
ular prognostic biomarker for bronchial dysplasia, depending on
the loci chosen for analysis (20). Our data are consistent with
previous FISH data reporting 3q amplification as a biomarker of
progression in cervical (36) and head and neck cancer (37) but
suggest a different amplification target—SOX2.

The target(s) of the 3q amplicon have been a subject of much
interest and debate, with particularly strong cases having pre-
viously being made for TP73L (18), SCCRO/DCUND1 (11),
and PIK3CA (10). It remains possible that there are multiple
targets for this regional amplicon. Coamplification of adjacent
oncogenes can have a synergistic effect in assays designed to
test the functional relevance of putative oncogenes. Such
a mechanism has recently been shown to be important in lung
adenocarcinoma (38).

The data presented here are consistent with recently published
single nucleotide polymorphism array and functional data impli-
cating SOX2 as a driver oncogene (12). These investigators
reported SOX2 amplification (regarded as 3.6 copies per genome)
in 23% of SQC (12). More recently a second group has published
work corroborating this finding in invasive cancers and providing
further functional data implicating SOX2 as an oncogene in SQC
(39). Using a digital PCR approach, we demonstrate that PIK3CA
and SOX2 are amplified in all HGDs examined. The consistent
finding of SOX2 amplification differs from findings based on
a single nucleotide polymorphism array analysis of invasive cancer
and FISH surveys of preinvasive lesions (21). This probably reflects
three factors: first, array-based studies tend to underestimate the
degree of amplification; second, microdissection overcomes the

problem of extracting DNA from heterogeneous biopsies
comprising regions of dysplasia/cancer and cells; and third
(22), the FISH probes used in previous studies did not encom-
pass SOX2.

Bass and colleagues also proposed SOX2 as a lineage-
survival oncogene (12). This refers to a recent model pro-
posing that cell lineage–specific genes involved in develop-
ment can become dysregulated and promote tumorigenesis
(13). This is a similar concept to the master gene hypothesis,
which proposed that key developmental genes, including some
encoding transcription factors, are inappropriately activated
by chromosomal translocations in the pathogenesis of leuke-
mia (40). SOX2 encodes a key stem cell transcription factor
that is one of a few factors required for the induction of
pluripotency in adult fibroblasts (16). It has also been shown to
have a critical role in the developing mouse trachea (15). The
lineage-specific model would predict the dysregulation of
SOX2 in the early stages of SQC development, as we have
demonstrated in this work. We further show—in a few rare
cases in which sequential biopsies are available from individ-
ual lesions—that 3q amplification is an evolving process that
may be positively selected for in clinical progression and that
the focus of the amplicon progression encompasses SOX2, and
in one instance SOX2 alone.

A limitation of this study has been the number of lesions
reported. This reflects the significant difficulties faced in study-
ing preinvasive disease because of the nature of archived tissue
and the scarcity of long-standing archives (17). This is reflected
in the relatively small cohorts of preinvasive lesions studied in
lung (21, 23, 24, 41) and other epithelial cancers (42, 43).
Nevertheless, the study of preinvasive disease is key to un-
derstanding the pathogenesis of cancer; this work describes
a much more detailed analysis of the critical 3q amplicon than
has previously been attempted in bronchial preinvasive disease.
The potential use of SOX2 amplification as a prognostic marker
in preinvasive disease would require replication of these findings
in a much larger cohort, ideally in the context of a multicenter
prospective clinical trial.

Figure 4. PIK3CA and SOX2 copy num-

ber was analyzed as before, this time in
sequential biopsies from three patients

(002, 017, 026). (A–C) Results represent

the mean 6 SD of duplicate experiments

for the two genes and three to five
reference autosomal markers. In the case

of Patient 017 (C) there was no signifi-

cant increase in relative copy number in

the later biopsy; however (D) there was
an absolute gain in copy of both loci

(PIK3CA 5 green; SOX2 5 yellow) on the

basis of fluorescence in situ hybridization
experiments on the same biopsies.
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There is much to be learned about the functional impact of
SOX2 amplification in epithelial cancers, the relationship
between its potential roles in cancer and in stem cell biology,
and its potential synergism with other candidate 3q oncogenes.
As discussed above, this work suggests that SOX2 amplification
may be a useful molecular biomarker for clinical progression in
bronchial dysplasia. Furthermore, when considered along with
work from others (12, 39), SOX2 and its downstream effector
targets may be targets for biological therapeutics for the
treatment and chemoprevention of squamous carcinomas.
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