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Abstract

Purpose: Pituitary adenomas are the second most common
primary brain tumor, yet their genetic profiles are incompletely
understood.

Experimental Design: We performed whole-exome sequenc-
ing of 42 pituitary macroadenomas and matched normal DNA.
These adenomas included hormonally active and inactive tumors,
oneswith typical or atypical histology, andones thatwere primary
or recurrent.

Results: We identified mutations, insertions/deletions, and
copy-number alterations. Nearly one-third of samples (29%)
had chromosome arm-level copy-number alterations across
large fractions of the genome. Despite such widespread geno-
mic disruption, these tumors had few focal events, which is
unusual among highly disrupted cancers. The other 71% of
tumors formed a distinct molecular class, with somatic copy
number alterations involving less than 6% of the genome.
Among the highly disrupted group, 75% were functional

adenomas or atypical null-cell adenomas, whereas 87% of the
less-disrupted group were nonfunctional adenomas. We con-
firmed this association between functional subtype and dis-
ruption in a validation dataset of 87 pituitary adenomas.
Analysis of previously published expression data from an
additional 50 adenomas showed that arm-level alterations
significantly impacted transcript levels, and that the disrupted
samples were characterized by expression changes associated
with poor outcome in other cancers. Arm-level losses of chro-
mosomes 1, 2, 11, and 18 were significantly recurrent. No
significantly recurrent mutations were identified, suggesting no
genes are altered by exonic mutations across large fractions of
pituitary macroadenomas.

Conclusions: These data indicate that sporadic pituitary ade-
nomas have distinct copy-number profiles that associate with
hormonal and histologic subtypes and influence gene expression.
Clin Cancer Res; 23(7); 1841–51. �2016 AACR.

Introduction
Pituitary adenomas are the second most common primary

brain tumor, with a rising incidence in recent years, likely related
to increased detection (1, 2). Although most pituitary adenomas
are benign, they can confer considerable morbidity. A majority of
these tumors are "functional" and secrete excess levels of hor-
mones that can produce debilitating endocrine syndromes.
Tumors that produce growth hormone (GH) cause acromegaly,
prolactin secreting tumors are associated with amenorrhea-galac-

torrhea, and those that produce adrenocorticotropic hormone
(ACTH) cause Cushing disease. The result is often irreversible
multisystem derangement and increased risk of premature mor-
tality (3). In contrast, other pituitary tumors are "nonfunctional."
Although they do not secrete hormones, these tumors often
compress adjacent neurovascular structures, leading to visual loss,
pituitary dysfunction, and cranial neuropathies.

Pituitary tumors can often be treated by surgery alone, or, as in
the case of prolactinomas and GH-producing adenomas, may be
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managed medically. Surgical resection carries risks, including
spinal fluid leakage, meningitis, hypopituitarism, and diabetes
insipidus, and up to 15% of benign adenomas will recur despite
optimal treatment (3). In the recurrent setting, adjuvant medical
treatments in functioning and nonfunctioning tumors are only
variably effective in achieving durable tumor control. The efficacy
of adjuvant radiotherapy for recurrent disease can be limited by
theproximity of pituitary tumors to theoptic nerves in some cases.
Other difficult-to-manage subclasses of pituitary tumors include
atypical adenomas, which are often more aggressive, and those
that invade the neighboring cavernous sinuses. There are limited
nonsurgical adjuvant treatment options for clinically challenging
pituitary tumors.

Elucidation of the biologic underpinnings for these tumors
may expand diagnostic and therapeutic strategies in predicting
and managing clinical behavior. Traditional histopathology
suggests that pituitary adenomas arise from clonal prolifera-
tion, and molecular markers and X-chromosome inactivation
are distributed homogeneously across specimens (4). Germline
mutations in several genes have been identified in association
with familial predispositions to developing pituitary adeno-
mas. These include AIP, MEN1, CDKN1B, and PRKAR1A (5–8).
Recently, somatic mutations in the deubiquitinase gene USP8
and a G-protein–coupled receptor GPR101 on a microdupli-
cated region of Xq26.3 have been identified in Cushing disease
and young-onset acromegaly, respectively, along with GNAS
mutations in a subset of GH tumors (9–11). For the majority of
pituitary tumors, however, genetic events that contribute to
tumorigenesis remain unknown.

Here, wedescribe a comprehensive genomic characterization of
the largest mixed cohort of pituitary macroadenomas to date,
includinghormonally active and atypical adenomas.Ourfindings
indicate that somatic copy-number alterations affecting whole
chromosome arms are the most frequent somatic genetic events
affecting pituitary tumors, that these alterations are concentrated
among functional and atypical adenomas relative to their non-
functioning and typical counterparts, and that no single gene is
affected by exonic mutations across a large fraction of pituitary
macroadenomas.

Materials and Methods
Sample selection and preparation

This study was reviewed and approved by the human subjects
Institutional Review Boards (IRBs) of the Dana-Farber/Brigham
and Women's Cancer Center (DF/BWCC), the Brigham and
Women's Hospital, and the Broad Institute. Written informed
consent was obtained from all participants. Histopathologic
diagnosis based on WHO criteria, and tumor purity >80% was
confirmed in all samples selected for study by two board-certified
neuropathologists (S. Santagata, M. Abedalthagafi). Tumors were
classified by their immunohistochemical expression of hormones
(null, prolactin, ACTH, GH, FSH/LH, and TSH) as well as by the
associated serum levels of the corresponding hormone. Cortico-
troph, somatotroph (including plurihormonal cases), and lacto-
troph adenomas were considered functional in our analyses,
whereas gonadotroph and null-cell adenomas were considered
nonfunctional. We classified tumors as nonfunctional in cases
where there was immunohistologic staining for one or more
hormones, but serum levels remained normal and there were no
clinical signs of endocrinopathy. DNA was extracted from fresh-
frozen tissue shavings and paired blood buffy coat preparations
using standard protocols (Qiagen) and quantified using the Pico-
Green system (Invitrogen). The tumor–normal pairs for the
discovery cohort were confirmed by mass spectrometric genotyp-
ing with an established 48-SNP panel (Sequenom; ref. 12).

Whole-exome sequencing
Forty-two pituitary adenomas underwent whole-exome

sequencing, along with DNA from matched normal blood, as
previously described (13). DNA was sonicated to 250-bp frag-
ments, size selectedwith Agencourt AMPure XP beads, and ligated
to specific barcoded adaptors (Illumina TruSeq; Illumina Inc.) for
multiplexed analysis. Exome hybrid capture was performed using
the Agilent SureSelect Hybrid Capture Kit (Whole Exome_v4;
Agilent Technologies) and sequenced on a HiSeq 2500 system
(Illumina Inc.). All samples achieved at least 80� coverage in
exons (mean coverage ¼ 108�).

Sequence data were aligned to the hg19 (b37) reference
sequence using the Burrows-Wheeler Aligner (14). Sample reads
were sorted, duplicate-marked, and indexed using SAMtools and
Picard. Bias in base quality score assignments due toflowcell, lane,
dinucleotide context, and machine cycle were analyzed and
recalibrated, and local realignment around insertions or deletions
(indels) was achieved using the Genome Analysis Toolkit (GATK;
refs. 15, 16). All paired samples underwent quality control testing
to ensure accuracy of tumor–normal pairs. All sequencing files are
available for download from the European Genome-phenome
Archive (EGA) under accession EGAS00001001714.

Genomic analyses
Somatic mutations, insertions, and deletions were detected

using MuTect (17) and IndelLocator (18, 19). These were anno-
tated to genes and compared to events in theCatalogue of Somatic
Mutations inCancer (COSMIC) usingOncotator and also verified
through visualization in the Integrated Genome Viewer (IGV).
Mutations with allelic fractions below 10%, as well as those likely
due to alignment errors, were discarded after manual review.
Significance of identified genetic alterations was assayed using
MutSig.

To analyze somatic copy-number alterations from whole-
exome data, we used ReCapseg, which assesses homologue-

Translational Relevance

Molecular stratification has allowed clinicians to make
more informed decisions about the relative risks and benefits
of surgery, radiation, and targeted therapies in a variety of
cancers. We demonstrate a statistically significant association
between genetic determinants (degree of chromosomal dis-
ruption) and the corresponding phenotype (functional ade-
nomas) in pituitary tumors. We validated this association
between genomic disruption and functional subtype in two
additional sample sets, and found that these alterations also
affect gene expression levels. We observed no significantly
recurrent mutations across this cohort of macroadenomas,
suggesting that a single driver gene is unlikely to bemutated in
a substantial fraction of pituitary macroadenomas and by
extension, that no single targeted therapy is likely to be
effective against large fractions of pituitary tumors. Our data
enable a more systematic, genetic basis for the classification
and treatment of pituitary tumors.
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specific copy ratios (HSCR) from segmental estimates of multi-
point allelic copy ratios at heterozygous loci incorporating the
statistical phasing software (BEAGLE) and population haplo-
type panels (HAPMAP3; refs. 20–22). Allele-specific somatic
copy-number alterations and tumor ploidy status were assessed
with ABSOLUTE (22). For copy-number alteration significance
analysis, segmented copy-number data were analyzed by GIS-
TIC 2.0, which separately assesses the significance of recurrent
focal and arm-level SCNAs by comparing their rates of alter-
ation to the overall genome-wide alteration rate. In the case of
arm-level events, it controls for the tendency for short arms to
undergo more frequent alterations (23).

Rearrangement detection was performed using Breakpointer/
dRanger (24), however, exome sequencing has little power to
detect rearrangements, and none were observed.

Validation cohort copy-number analysis
A total of 87 patients with pituitary adenoma underwent

somatic mutation profiling of 300 canonical cancer-associated
genes as part of the DF/BWCC PROFILE clinical research study.
Copy-number analysis was performed using one of two internally
developed algorithms. Both algorithms, VisCapCancer and
RobustCNV, calculate copy number using a normalized read
depth of coverage against a panel of normal (noncancer) samples.
VisCapCancer compares the tumor sample coverage to a median
value from the panel of normals. Circular binary segmentation
(CBS) is used to segment the data; segments are called via strict
thresholding; the algorithm is configurable for different tumor
fractions. RobustCNV performs a robust linear regression against
the panel of normals to calculate copy ratios. CBS is again used to
segment the data and calling is performed on the basis of
the observed variance of the data points. Estimated copy number
was calculated using the following published formula: CR¼ (TC/
2) � P þ (2/2)(1 � P), where CR is the median copy ratio for
all intervals in a gene; TC is the number of copies in the tumor
sample;P is the purity (22). Coverage plots of sequence readswere
individually inspected for all samples by two independent
reviewers to confirm chromosome-level copy-number variations.
Chromosomal gain or loss was defined by a 0.5 or greater log-fold
change. Samples with at least two arm-level gains or losses were
scored as disrupted.

FISH
Four-micron tissue microarray (TMA) or whole tissue sec-

tions were mounted on standard glass slides and baked at 60�C
for at least 2 hours, then deparaffinized and digested using
methods previously described (25). The following DNA probes
were co-hybridized: CDK4 (labeled in red; Empire Genomics),
which maps to 12q14.1; CEP2 (labeled in aqua; Empire Geno-
mics); and, CEP12 (labeled in green; Abbott Molecular/Vysis,
Inc.). Final probe concentrations and hybridization conditions
followed manufacturer's recommendations. Tissue sections
and probes were codenatured, hybridized at least 16 hours at
37�C in a darkened humid chamber, washed in 2� SSC at 70�C
for 10 minutes, rinsed in room temperature 2� SSC, and
counterstained with DAPI (40,6-diamidino-2-phenylindole,
Abbott Molecular/Vysis, Inc.). Slides were imaged using an
Olympus BX51 fluorescence microscope. Individual images
were captured using an Applied Imaging system running Cyto-
Vision Genus version 3.9.

Gene expression analysis
GEO dataset GSE22812 was downloaded from the NCBI GEO

database (26). Probes were collapsed to genes using CollapseDa-
taset (27). Cytoband informationwas obtained from theGSEA c1
gene sets, and was used to group genes (28). Arm-level alterations
reported in the original publication were tallied, and the nine
unique alterations that occurred in at least three separate samples
were analyzed. For each gene within the region of interest, we
calculated the log2 fold change between the average gene expres-
sion value for samples with the alteration and those without. We
then performed a single sample t test to assess whether the
distribution of log fold change values was significantly different
from zero in the expected direction.

To infer CNAs from coordinated gene expression biases, the e-
karyotyping protocol was applied to an additional three studies
(GSE26966, GSE51618, and GSE46311; refs. 29, 30). RMA5
normalized data were further processed using the R statistical
software (http://www.r-project.org/), as following:probe setswere
organized by their chromosomal location, and probe sets without
annotated chromosomal location were removed. For genes with
multiple probe sets, all the probe sets of the gene were averaged
(as well as the chromosomal location), to obtain one intensity
value per gene. Next, using a threshold expression value of 5.5,
probe sets not expressed in >20% of the samples within a batch
were removed, and all probe sets were floored to the threshold
level. Finally, the 10% of the probe sets with the most variable
expression levels were excluded, to reduce expression noise.

For each study, the median expression of each gene across all
tumor samples was subtracted from the expression value of that
gene in each sample to obtain a comparative value. Thedatawere
processed using a comparative genomic hybridization (CGH)
analysis software program, CGH-Explorer (http://heim.ifi.uio.
no/bioinf/Projects/CGHExplorer/). Gene expression regional
biases were detected using the program's piecewise constant
fit (PCF) algorithm, with the following set of parameters: least
allowed deviation ¼ 0.15; least allowed aberration size ¼ 30;
Winsorize at quantile ¼ 0.001; penalty ¼ 12; threshold ¼
0.01.

We used the Euclidian distance between samples as a proxy for
their relatedness. The dist function in R was used to compute all
pairwise distances. The aggregated distances between disrupted
and quiet samples were then compared.

To calculate enrichment for the 70 genes previously associ-
ated with genomic instability, we computed z-scores for each
gene across all functional samples (31). We performed a
Wilcoxon log-rank test to determine whether the sum of gene
expression z-score values was significantly elevated in disrupted
tumors.

Results
We performed whole-exome sequencing on tumors and paired

blood from 42 pituitary macroadenomas from 41 patients to a
mean depth of coverage of 108�. To interrogate the heterogeneity
intrinsic to pituitary adenomas, we analyzed a cohort that includ-
ed a spectrum of histopathologic subtypes, de novo and recurrent
tumors, and ones with wide-ranging MIB-1 proliferative indices
(Supplementary Table S1). Null-cell adenomas comprised 62%
(26/42) of the cohort, followed by ACTH- and GH-expressing
tumors (12% each), and tumors expressing FSH/LH (7%) and
prolactin (7%). This represents a larger fraction of null-cell
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adenomas than observed in the population, in part because of the
macroadenoma bias in this cohort. We characterized somatic
copy-number alterations (SCNAs), mutations, insertions, and
deletions across the genome.

Somatic copy-number analysis reveals two distinct subsets of
pituitary adenomas

We first evaluated SCNAs and found two classes of pituitary
tumors based upon the fraction of the genome disrupted (Fig. 1A
and B). The first class, comprising 30 tumors (71%), had SCNAs
involving less than 6% of the genome (mean 0.5%). The second
class, composed of the remaining 12 tumors (29%), exhibited
much greater levels of genomic disruption, with up to 99% of the
genome involved (mean 39%). The disruption in these samples
was almost entirely due to arm-level SCNAs of at least half a
chromosome arm. We detected at most 1% of the genome
involved in more focal SCNAs.

Levels of genomic disruption were associated with tumor
phenotype (Fig. 1C). Among the less disrupted group, 87%
(26/30) were clinically nonfunctional adenomas; 75% (9/12) of

the disrupted group were clinically functional adenomas (6/12)
or atypical null-cell adenomas (3/12; P < 0.001). The genomically
disrupted class trended toward higher MIB-1 proliferative indices
(P ¼ 0.06).

To validate our findings, we analyzed an independent cohort of
87 pituitary adenomas with molecular profiling (Supplementary
Table S2). We found that 31% (27/87) of these tumors exhibited
genomic disruption. These included 52% (16/31) of the func-
tional and atypical tumors but only 20% (11/56) of the non-
functional group (P ¼ 0.003).

The propensity of the tumors exhibiting widespread genomic
disruption by arm-level events to have few focal events is rare
among tumor types. We compared rates of arm-level and focal
genomic disruption between the pituitary tumors in our discovery
cohort and 12 cancer types, including 11 that had been profiled by
TCGA (32), along with a cohort of high-grade meningiomas
which we had analyzed separately (Bi and colleagues, manuscript
in preparation; Fig. 2A). Rates of arm-level alteration among
genomically quiet pituitary tumors were markedly lower than all
the other cancer types; in comparison, the class of genomically

Figure 1.

Genomic disruption in pituitary adenomas. A, Heatmap of copy-number alterations spanning the genome (y-axis) across 42 pituitary adenomas (x-axis). Features
associated with each sample are indicated along the top. B, Histogram of fraction of genome disrupted across these pituitary tumors. The red line indicates
the threshold used to distinguish the class of tumorswithminimal to no genome disruption from thosewith extensive disruption.C,Differences in fraction of genome
disrupted between functional (ACTH, GH, PRL-expressing) and typical and atypical nonfunctional pituitary adenomas. � , P < 0.05.
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disrupted pituitary tumors harbored greater levels of genome
disruption than almost all the other cancer types, comparable
only to squamous cell lung and ovarian cancer. Conversely, rates
of focal alteration across even the highly disrupted pituitary
tumors were 95% lower than the average rate of focal disruption
among the other 12 cancer types (Fig. 2B). It is possible that some
of this discrepancy is due to differences in experimental technique
(the TCGA samples were profiled by SNP arrays). However, the
meningiomas were profiled using the same experimental techni-
ques as the pituitary tumors and exhibited much higher levels of
focal disruption in the setting of similar levels of arm-level
disruption.

Among the 12 highly disrupted pituitary tumors in our dis-
covery cohort, five (40%) exhibited patterns consistent
with whole-genome doubling and one appeared to be haploid
(Fig. 3A and B). We imputed whole-genome doubling using
previously published methods that consider absolute allelic copy
numbers genome-wide (22). The finding that 40%of these highly
disrupted tumors exhibit signs of whole-genome doubling is in
line with other disrupted tumor types such as head and neck
squamous cell cancer, breast cancer, and colorectal cancer (32).

Pituitary adenomas harbor recurrent copy-number alterations
The most significantly recurrent SCNAs were losses of chromo-

somes 1p and 11, followed by losses of chromosomes 1q, 2, and

18. We also observed less frequent alterations of chromosomes 4,
7, 10, 14, and 15 (Fig. 3C). No gains or focal events reached our
significance threshold. Chromosome 1pwas lost in 11 of 42 cases
(26%), and chromosome 11was lost in 9 of 42 cases (21%), with
co-occurrence in seven cases. We also observed copy-neutral LOH
of chromosome 11q in two cases (Fig. 3D).

All tumors with whole-genome doubling exhibited copy-loss
of chromosome 1 (P¼ 0.0006). All tumors with chromosome 1p
deletion also harbored other broad SCNAs. Both chromosome 1p
and 11 losses were associatedwith hormonally active and atypical
adenomas (P ¼ 0.003 and 0.004, respectively).

Chromosome 11 losses have been implicated in pituitary
tumorigenesis in familial pituitary adenoma syndromes in which
MEN1 or AIP, tumor suppressors on chromosome 11q, are
mutated in germline DNA. Loss of chromosome 11 thus leads
to biallelic inactivation of the multiple endocrine neoplasia I
(MEN1) or aryl hydrocarbon receptor interacting protein (AIP)
genes. However, among our cohort of sporadic adenomas, we did
not observe any nonsynonymous somatic MEN1 or AIP muta-
tions. The data, therefore, do not support a genetic mechanism
for biallelic inactivation of MEN1 or AIP; however, this does
not exclude epigenetic loss of tumor suppressor expression or
function.

We observed chromosome 12 gains in five tumors. A prom-
inent amplified oncogene on chromosome 12 is CDK4 (33),

Figure 2.

Genome disruption across cancers. A, Extent of genomic disruption (y-axis) among minimally- and extensively-disrupted pituitary tumors (Pit_quiet and
Pit_disrupted, respectively) and 12 other tumor types (x-axis).B,Ratio between the fraction of thegenomedisruptedby focal copy-number alterations (involving less
than half a chromosome arm) and the fraction disrupted by larger (arm-level) events (y-axis) across these same tumor types. Samples with ratios greater than two,
typically resulting from lack of arm-level events and including all Pit_quiet samples, are not shown. Each dot indicates a single tumor; bars and whiskers indicate
means and SEM. AML, acute myeloid leukemia; GBM, glioblastoma multiform; hg Meningioma, high-grade meningioma; Lung sc, lung squamous cell.
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and CDK4 mutations have been associated with pituitary
tumors in mouse models (34). We therefore performed FISH
for CDK4 and for the centromeres of chromosomes 12 and 2
(cen12 and cen2, respectively) across 37 pituitary adenomas,
including four tumors with exome data indicating chromo-
some 12 amplification. In all four cases, we observed that both
cen12 and CDK4 were present at greater than two copies, and in
greater numbers than cen2, validating the arm-level gains of
12q observed in the exome data (Fig. 4). We also observed
apparent gains of CDK4 (in two cases extending to cen2) in an
additional three of the 33 tumors without exome data. We saw
no convincing evidence of focal high-level amplifications of
CDK4 in any tumor.

Copy-number alterations in pituitary tumors influence
transcript-level gene expression

Previous work across a number of different tumor types has
shown that changes in copy number often influence gene
expression (35, 36). However, this has not been systematically
assayed in pituitary adenomas. We aggregated previously pub-
lished gene expression data from four studies, representing 50
unique adenomas (29 functional, 21 nonfunctional), to assess

the impact of SCNAs on expression levels (37–40). We initially
focused our efforts on 13 samples with paired copy-number
and expression data. Among these, nine arm-level SCNAs were
observed in at least three samples, and eight of these events
were associated with a significant change in expression of genes
located on the chromosome arm (P < 0.002 for each; Supple-
mentary Table S3).

We used the expression data from the 37 pituitary adenomas
without copy-number data to impute copy-number alterations
genome-wide and combined this with the data from the 13
tumors that did have paired copy-number calls. We found that
59% (17/29) of functional adenomas exhibited genomic dis-
ruption, compared to 5% (1/21) of nonfunctional adenomas
(P ¼ 0.0001), confirming the association between functional
subclass and disruption that we had observed in our DNA
sequencing datasets (Supplementary Fig. S1A and S1B; Sup-
plementary Table S4).

The differences in transcriptomic profiles between disrupted
and quiet tumors extend beyond the genes involved in SCNAs
themselves. First, disrupted tumors demonstrated increased var-
iability in gene expression profiles. We compared expression
profiles within both quiet and disrupted tumors. The magnitude

Figure 3.

Copy-number alterations in pituitary tumors. Genome-wide profile of homologous copy ratios in three samples of pituitary adenoma processed using ABSOLUTE,
demonstrating a tetraploid (genome-doubled; A) and haploid state (B). Color scheme indicates low (blue), high (red), and balanced (purple) levels of alleles,
with homologous copy ratio histogram to the right of the plot. C, Significance (as false discovery rate q-values; x-axis) of chromosomal gains (right, red) and losses
(left, blue) across the genome (y-axis) among 41 pituitary adenomas from unique patients. The dotted line indicates q¼ 0.1. D, Copy-neutral LOH of chromosome 11
was also observed in an otherwise genomically quiet tumor, as illustrated by allelic copy-number analysis.
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of the difference between disrupted tumors was significantly
larger than the magnitude of difference between quiet tumors
(P < 2 � 10�12; Fig. 5). These findings suggest that the biological
mechanisms that result in unstable genomes also produce diver-
gent transcriptomes.

Second, we found that the disrupted tumors shared a tran-
scriptomic signature relative to quiet tumors. We focused on
a panel of 70 genes across 18 chromosomes that have previ-
ously been associated with chromosomal instability (Supple-
mentary Table S5A) (31). We found that the 17 tumors with
genomic disruption had significantly higher expression levels
of these 70 genes compared to quiet tumors (P ¼ 0.01; Sup-
plementary Table S5B). Enrichment of this signature was asso-
ciated with poor outcomes across a variety of cancer types (31);
its potential as a prognostic indicator in pituitary tumors merits
further study.

Pituitary adenomas harbor few recurrent mutations
We identified a median of 0.6 mutations per coding Mb (range

0.14–4.42), for a median of 12.5 nonsynonymous mutations per
sample. The burden of genetic alterations was similar to cranio-
pharyngiomas, adrenal corticoid tumors, and grade I meningio-
mas, andmuch smaller than that seen in head andneck squamous
cell carcinomas andmelanomas (Fig. 6A; refs. 13, 41). The average
burden of somatic mutations did not differ significantly between
the samples classified as having low or high levels of SCNA
disruption (P ¼ 0.68).

We found no significantly recurrent somatic mutations. Six
genes exhibited mutations or insertions/deletions in more than
one sample (ATAD3B, BHLHE22, KDM2B, OR5M1, TTN, and
VPS13B; Supplementary Table S6), and of those, only TTN was
mutated in more than two. Among these six genes, two (OR5M1,
TTN) frequently exhibit nondriver mutations in other cancer
types. Both genes have low expression levels and are replicated
late in mitosis. These features are known to correlate with high
mutation rates, suggesting mutations in these genes may be
mechanistically favored rather than selected (42). ATAD3B
encodes a mitochondrial ATPase essential for embryonic devel-
opment, which has been implicated in control of proliferation in

cancer cell line models (43). The central nervous system (CNS)-
specific transcription factor BHLHE22 contributes to cell fate
determination and proliferation, although its role in oncogenesis
remains to be established (44, 45). VPS13B is a membrane
transport protein that has been reported to be recurrentlymutated
in small-cell lung cancer and colorectal cancer (46).

The chromatin modifier KDM2B was mutated in two samples.
KDM2B has been reported to be required for cancer stem cell
renewal and knockdown in breast cancer models reduces prolif-
eration by inducing senescence and apoptosis (47). Increasing
levels of KDM2B in human pancreatic cancer correlated with
disease progression (48). We also observed isolated mutations
inother chromatinmodifiers (DKM2B,DKM6B, andARID4A).Of
note, we did not observe somaticmutations inAIP,MEN1, GNAS,
and USP8 in this cohort, which is likely related to sample
selection.

The finding that only TTN exhibited mutations in more than
two samples indicates that no driver genes are likely affected by
nonsynonymous mutations in >15% of pituitary tumors. We
calculated the power to detect at least three mutations in a given
gene across a cohort of 41 patients (Fig. 6B). Our cohort achieved
95% power to detect genes mutated in 15% of patients, 80%

Figure 4.

FISH using probes to CDK4 (red) and the centromeres of chromosomes 2 and 12
(cen2 and cen12; aqua and green, respectively). A, A pituitary tumor with
chromosome 12 gains, as indicated by greater staining of CDK4 and cen12
relative to cen2. B, A tumor sample without chromosome 12 gains, as indicated
by equal staining of all probes.

Figure 5.

Magnitude of differences (y-axis) within expression profiles from disrupted and
quiet tumors (x-axis; refs. 38, 40).
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power to detect genesmutated in 10%of patients, and50%power
to detect genes mutated in 6.5% of patients. Considering only
those tumors with nonfunctional status (n ¼ 29), we had 95%
power to detect genesmutated in 21%of patients and 80%power
to detect genes mutated in 15% of patients.

Discussion
We performed the largest genomic analysis to date of a diverse

cohort of 178 pituitary adenomas, including 42 adenomas pro-
filed bywhole-exome sequencing, 87 by targeted sequencing, and
50 with previously published expression data. We identified the

degree of genomic disruption as a key differentiator between two
subtypes, and were able to correlate disruption with phenotypic
subtypes. Our classification was robust across platforms, corre-
lated with changes in transcript levels, and was associated with a
gene expression signature of aneuploidy. We found that arm level
losses of chromosome 1p and 11were themost common somatic
alterations in the cohort, but that focal amplifications or deletions
were largely absent. Despite our large cohort, we found no
significantly recurrent alterations in any gene and did not detect
more than three mutations in any gene.

Molecular stratification based on extent of genomic altera-
tions has been reported in multiple tumors, including menin-
giomas, adrenal carcinomas, ependymomas, medulloblasto-
mas, and endometrial and prostate cancers, with correlation
to clinical outcome (49–54). Classical cytogenetic studies have
demonstrated differences in degree of chromosomal altera-
tions among pituitary adenomas, but the results are inconsis-
tent (55, 56).

We report here two distinct molecular classes of sporadic
pituitary adenomas stratified by copy-number aberrations. Our
analysis is the first to link level of disruption with functional
subtype, likely because of the substantial power of our cohort to
detect such associations. The first class is composed of highly
genomically disrupted pituitary tumors, which are most often
functional or atypical adenomas, and frequently harbored losses
of chromosomes 1p or 11. In addition, half of the tumors in
this class were nondiploid (five tetraploid, one triploid). The
second class is composed of genomically quiet tumors with rare
copy-number gains or losses. The correlation of genomic disrup-
tionwith functional status could indicate differingmechanisms of
tumorigenesis between these two classes; the causes and conse-
quences of this stratification are not clear. Interestingly, three of
four "silent ACTH" tumors in our cohort were disrupted. This
subset of ACTH-expressing tumors does not lead to Cushing
disease and hence, are not considered "functional" but are his-
torically aggressive. This finding highlights the role that genomic
disruption may play in the behavior of tumors where hormone
levels are not pathologically elevated. Long-term longitudinal
studies with larger cohorts will be necessary to determine whether
genomic disruption in pituitary tumors correlates with progres-
sion-free survival or other clinical features.

We analyzed previously published expression data to assess
the robustness of these molecular subclasses. We confirmed a
significant enrichment for disrupted tumors among functional
adenomas using inferred copy-number changes, and found that
these tumors were enriched in a gene expression signature that
has been shown to correlate with poor outcomes in other
tumor types (31). Longitudinal studies have demonstrated that
functional adenomas are more likely to recur than nonfunc-
tional adenomas (3). The biological basis of this difference has
remained largely unexplained.

Previous work has found a variety of differences in expres-
sion patterns between functional and nonfunctional adeno-
mas. A recent study found that GH-secreting adenomas dem-
onstrated significant upregulation of hedgehog pathway mem-
bers (57), and a number of cancer-associated genes have been
found to be upregulated in specific hormonal subtypes of
adenomas (58, 59). However, none of these differences has
been associated with outcomes, and none was observed across
all subtypes of functioning adenomas. Our finding that geno-
mically disrupted adenomas, which are more frequently

Figure 6.

Characteristics of mutations in pituitary adenomas. A, Mutation rates (y-axis)
across pituitary-related and unrelated neoplasms (x-axis). B, Power to detect
mutations as recurrent in our cohort (y-axis) as a function of the fraction of
pituitary adenomas that harbor the mutation (x-axis).
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functional, are enriched for a signature that correlates with poor
outcomes in other tumor types may help to explain part of this
difference in recurrence rates.

Of note, across the 178 samples analyzed in this study, 58% of
functional adenomas were disrupted, suggesting that additional
factors aside fromgenomic disruption contribute to the biology of
hormone-secreting tumors. Further investigation will be neces-
sary to determine the potential clinical relevance of genomic
disruption as a criterion for patient stratification.

Alterations of chromosome 11q have been extensively inves-
tigated in pituitary tumors because of the identification of a broad
spectrum of mutations in MEN1 and AIP, both located on
chromosome 11q. Furthermore, 30% of sporadic pituitary ade-
nomas exhibit loss of heterozygosity (LOH) involving chromo-
some 11q13, a further indication of the important role this region
likely plays in pituitary tumorigenesis. In our cohort, LOH of
chromosome 11, either through copy-loss or acquired uniparen-
tal disomy, was one of the two most frequent genomic abnor-
malities observed, but no somaticmutations inMEN1orAIPwere
noted.

In a mouse model, expression of mutant CDK4 contributed to
pituitary tumorigenesis (34). Copy-number gain of chromosome
12 as noted from whole-exome sequencing, as well as focal
relative gain of CDK4 as verified by FISH, was a frequent event
across the cohort, occurring in 21% of samples, with high overlap
with concurrent chromosome 11 loss. However, the chromosome
12 gains were large, making it difficult to attribute the gain of any
one specific gene to tumorigenesis.

We observed very low rates of focal amplification and dele-
tion in our cohort despite frequent arm-level gains and losses.
Chromosome arm-level events generally result from errors in
mitosis, specifically missegregation during anaphase at the level
of centromeres (60). In contrast, there are a variety of mechan-
isms that can produce focal CNAs (61), such as homologous
repair (HR) of double-strand breaks (DSB) via the canonical
Holliday junction, or break-induced repair (BIR), as well as
nonhomologous end joining (NHEJ). Our data suggest that
pituitary tumors tend to suffer frequent missegregation events,
but rarely undergo DSB and misrepair. Further investigation of
the specific mechanisms responsible for the preponderance of
large-scale genomic events will be necessary to elucidate the
biology driving this bias, as well as to discover any tumor-
specific vulnerabilities that may arise as a result.

We found no significantly recurrent mutations in this cohort.
Our power to detect such mutations was strong, making it
unlikely that a single driver gene is mutated in a substantial
fraction of all pituitary tumors. However, our power to detect
subtype-specific mutations was more limited due to the relatively
small number of each subtype profiled. It is likely that there
are driver events that are not shared among subtypes, and that
there is substantial genetic diversity in pituitary tumor driver
events, both with potentially important translational implica-

tions. Alternatively, it may be that balanced translocations, inter-
genic and intronic mutations, epigenetic alterations, or the pres-
ence of nucleic acids from oncogenic pathogens are responsible
for pituitary tumorigenesis, as these are not well-assessed by the
exome sequencing strategy pursued in this study. Whole-genome
sequencing and epigenetic profiling, including deeper analyses of
individual subtypes, on larger cohorts of pituitary tumors may
further elucidate the prevalence and impact of alternative onco-
genic events.
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