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Abstract
Pituitary neuroendocrine tumors (PitNETs) exhibiting aggressive, treatment-refractory behavior are the rare subset that 
progress after surgery, conventional medical therapies, and an initial course of radiation and are characterized by unrelent-
ing growth and/or metastatic dissemination. Two groups of patients with PitNETs were sequenced: a prospective group of 
patients (n = 66) who consented to sequencing prior to surgery and a retrospective group (n = 26) comprised of aggressive/
higher risk PitNETs. A higher mutational burden and fraction of loss of heterozygosity (LOH) was found in the aggressive, 
treatment-refractory PitNETs compared to the benign tumors (p = 1.3 ×  10−10 and p = 8.5 ×  10−9, respectively). Within the 
corticotroph lineage, a characteristic pattern of recurrent chromosomal LOH in 12 specific chromosomes was associated 
with treatment-refractoriness (occurring in 11 of 14 treatment-refractory versus 1 of 14 benign corticotroph PitNETs, 
p = 1.7 ×  10−4). Across the cohort, a higher fraction of LOH was identified in tumors with TP53 mutations (p = 3.3 ×  10−8). A 
machine learning approach identified loss of heterozygosity as the most predictive variable for aggressive, treatment-refrac-
tory behavior, outperforming the most common gene-level alteration, TP53, with an accuracy of 0.88 (95% CI: 0.70–0.96). 
Aggressive, treatment-refractory PitNETs are characterized by significant aneuploidy due to widespread chromosomal LOH, 
most prominently in the corticotroph tumors. This LOH predicts treatment-refractoriness with high accuracy and represents 
a novel biomarker for this poorly defined PitNET category.
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Introduction

Pituitary neuroendocrine tumors (PitNETs) are largely 
benign. The small subset that requires intervention are 
typically addressed with standard treatments; only a minor 
percentage of clinically significant PitNETs are difficult to 
control and are considered aggressive.

The European Society of Endocrinology (ESE) Clinical 
Practice Guidelines define aggressive PitNETs as tumors 
that are invasive and grow at an unusually rapid rate, or pro-
gress in spite of standard treatment (surgery, conventional 
medical therapies, and radiotherapy) [41]. While a consen-
sus on the definition of treatment-refractory behavior has 
not been reached [18], aggressiveness as defined by the ESE 
incorporates a key feature of treatment-refractory behavior 
(progression despite standard interventions). For this rea-
son, a PitNET that progresses on imaging following surgery, 
conventional medical therapies, and radiotherapy should be 
considered both aggressive and treatment-refractory.

Aggressive, treatment-refractory behavior is rare (occur-
ring in  < 1% of PitNETs). These tumors can be locally 
destructive, cause significant morbidity and mortality, and 
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can become metastatic. At present, there are no known histo-
pathologic or molecular markers that robustly predict future 
treatment-refractory behavior. The 2017 WHO classification 
abandoned the atypical designation, which was based on 
TP53 overexpression by immunohistochemistry (IHC), the 
presence of an elevated mitotic index, and a Ki-67 labeling 
index greater than 3% [1]. This designation was eliminated 
after it was shown that this grading schema did not predict 
aggressive behavior [37].

To predict the tumors at highest risk of recurrence, 
Trouillas et al. devised a clinicopathological scoring sys-
tem that designates a “grade” based on evidence of inva-
sion by histology/imaging and markers of proliferation 
(Ki-67, mitotic index, and TP53 overexpression) [49]. In 
their analysis, grade was associated with patient progres-
sion/recurrence status after 8 years. Independent data sets 
have confirmed that this classification system predicts pro-
gression-free survival, but it has not been shown to identify 
the subset of tumors that will progress following maximal 
therapy including radiation [4, 42]. While a few genetic 
biomarkers of aggressive behavior have been proposed, the 
data are conflicting and limited by insufficient follow-up. 
Higher frequency of loss of heterozygosity at microsatellite 
markers has been associated with recurrence and invasive-
ness [6, 11], and higher degrees of copy-number alterations 
have been associated with worse outcome in some but not 
all studies [26, 38, 46, 50]. Additionally, an enrichment of 
TP53 mutations has been observed in subtypes of cortico-
troph tumors with higher risk clinicopathological features 
[50], SF3B1 R625H mutations have been identified in rap-
idly progressive lactotroph PitNETs [28], and mutations in 
ATRX and DAXX have been reported in recurrent PitNETs 
[12, 20]. However, it remains unknown if these alterations 
are associated with a treatment-refractory phenotype.

Given that most patients with PitNETs are controlled by 
the conventional treatments, a validated biomarker of poor 
prognosis is required to study more intensive treatments at 
an earlier timepoint. Moreover, a prognostic biomarker could 
improve outcomes by permitting de-escalation of treatment 
for patients with tumors that are currently considered high 
risk based on clinicopathologic features yet follow a benign 
clinical course. To identify molecular signatures that char-
acterize tumors with a worse prognosis, we identified a set 
of patients with proven aggressive, treatment-refractory Pit-
NETs or higher risk features and performed comprehensive 
genomic analyses on their tumors and compared them to 
a prospectively collected cohort of patients with PitNETs 
who presented to Memorial Sloan Kettering Cancer Center 
(MSKCC) for a transsphenoidal resection.

Materials and methods

Two groups of patients were enrolled: (1) a prospective, 
unselected collection of patients (n = 66) who presented 
to MSKCC for pituitary surgery and provided written 
informed consent to the sequencing study prior to sur-
gery, and (2) a retrospective collection of pituitary patients 
(n = 26) whose tumors had either demonstrated aggressive, 
treatment-refractory behavior as defined by progression on 
MRI following standard treatments including a first course 
of external beam radiation (22/26, 85%) or were consid-
ered at a higher risk as per the 2017 and/or 2022 World 
Health Organization classification of pituitary tumors [52]: 
a silent corticotroph PitNET, lactotroph PitNET in a man, 
Crooke’s cell PitNET, or immunonegative PitNET (4/26, 
15%). Corticotroph tumors were considered biochemically 
silent by fulfilling one of the following criteria: (1) normal 
24 h urine free cortisol, (2) diagnosis of adrenal insuffi-
ciency requiring glucocorticoid replacement, or (3) con-
firmation by referring endocrinologist. For the patients in 
the prospective cohort, the pre- and post-surgical imaging 
was reviewed, and the Knosp score, longest diameter, and 
the extent of resection were determined. For both cohorts, 
the treatment history including the number of surgeries, 
courses of radiotherapy, and lines of medical therapy was 
collected. Tumor tissue from all patients enrolled on the 
sequencing protocol was analyzed by an experienced neu-
ropathologist (either MR or TB).

Immunohistochemistry

Formalin-fixed paraffin-embedded tissue underwent hema-
toxylin and eosin staining as well as immunohistochem-
istry to establish the tumor’s histopathological classifica-
tion and mismatch repair status. Rabbit polyclonal primary 
antibodies (Roche Ventana, Tucson, AZ) were used in the 
detection of ACTH, LH, FSH, TSH, prolactin, growth 
hormone, P53, and Ki-67 on a Benchmark Ultra (Roche 
Ventana, Tucson AZ). Monoclonal antibodies from clone 
N1665 (Thermo Fisher Scientific, Rockford, IL) were used 
to detect SF-1; monoclonal antibodies from clone CL6251 
(Sigma-Aldrich, St. Louis, MO) were used to detect T-PIT/
TBX19; monoclonal antibodies from clone 8B6.1 (EMD 
Millipore, Burlington, MA) were used to detect PIT-1; 
monoclonal antibodies from clone ES05 (Leica Biosys-
tems, Wetzlar, Germany) were used to detect MLH1; mon-
oclonal antibodies from clone G21-91129 (Cell Marque, 
Rocklin, CA) were used to detect MSH2; monoclonal anti-
bodies from clone EP49 (Agilent Dako, Santa Clara, CA) 
were used to detect MSH6; and monoclonal antibodies 
from clone A16-4 (BD Bioscience, San Diego, CA) were 
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used to detect PMS2 on a Bond-III IHC and ISH stainer 
(Leica Biosystems, Wetzlar, Germany). In the treatment-
refractory cohort, Ki-67 from the diagnostic resection was 
extracted from pathology reports when banked tissue was 
unavailable due to the age of these samples.

Genomic sequencing and analysis

All tumors in the prospective and retrospective cohorts 
underwent next-generation sequencing via MSK-IMPACT 
targeted sequencing panel, with somatic mutations (substi-
tutions, small insertions, and deletions), gene-level focal 
CNAs, and selected structural rearrangements detected 
with a clinically validated pipeline as previously described 
[13, 53]. In brief, tumor DNA was extracted from banked 
formalin-fixed paraffin-embedded tumor specimens and 
normal DNA was extracted from mononuclear cells in 
patient-matched peripheral blood, saliva, or finger or toenail 
samples. Using MSK-IMPACT, we evaluated for recurrent 
somatic alterations classified as oncogenic or likely onco-
genic using OncoKB [53]. Tumor mutational burden (TMB) 
was defined as the number of non-synonymous mutations 
in canonical exons per megabase. Prior sequencing efforts 
involving PitNETs described gain-of-function mutations in 
USP8 as a recurrent event in PitNETs. Since USP8 gene is 
not present on MSK-IMPACT panels used in this study, we 
used whole-exome sequencing recapture data to call these 
mutations in the retrospective cohort of patients as previ-
ously described [23]. Specifically, the MSK-IMPACT cDNA 
libraries underwent target capture using SureSelect Human 
All Exon V6 (Agilent Technologies, Santa Clara, CA) and 
then underwent whole-exome sequencing on a HiSeq 2500 
(Illumina, San Diego, CA). Whole-exome sequencing data 
were processed and analyzed using the TEMPO pipeline 
(v1.3, https:// github. com/ mskcc/ tempo). In brief, demulti-
plexed FASTQ files were aligned to the b37 assembly of 
the human reference genome from the GATK bundle using 
BWA mem (v0.7.17) [29]. Aligned reads were converted 
and sorted into BAM files using samtools (v1.9) [14] and 
marked for PCR duplicates using GATK MarkDuplicates 
(v3.8-1) [16, 36, 51]. Somatic mutations (single-nucleotide 
variants and small insertions and deletions) were called 
in tumor-normal pairs using MuTect2 (v4.1.0.0) [8] and 
Strelka2 (v2.9.10) [24]. Variants were annotated and fil-
tered for recurrent artifacts and false positives using meth-
ods as previously described [23]. Mutational signatures were 
determined via maximum-likelihood-based extraction of 
mutational signature proportions of a set of mutation count 
data under a known set of inputs signature lists (“refitting”, 
https:// github. com/ mskcc/ tempo Sig). The microsatellite 
instability status was determined using MiMSI, a classifier 
that is better suited for assessing microsatellite instabil-
ity status in tumors with a high fraction of genome altered 

(https:// github. com/ mskcc/ mimsi) [55]. MiMSI-Status is 
determined based on the lower CI and upper CI intervals 
with the following criteria: LCI and UCI < 0.5 = MSS, LCI 
and UCI > 0.5 = MSI-H, and LCI < 0.5 UCI =  ~ 0.5 (meaning 
that there is no congruency between the two values) = MSI-I 
(indeterminate).

Allele-specific copy-number analysis was performed 
using FACETS version 0.5.6 [45]. FACETS fits were manu-
ally reviewed. Fraction of genome altered, fraction of loss of 
heterozygosity (LOH), and LOH status of individual chro-
mosomes were inferred using “facets-suite” utility from 
MSKCC (https:// github. com/ mskcc/ facets- suite). Tumors 
were considered fraction of genome-high (FGA-H) and 
fraction of LOH-high (LOH-H) if they are above the cor-
responding median (0.22 for FGA and 0.03 for LOH) for the 
cohort. The expected number of copies for each mutation 
was generated based on observed variant allele fraction and 
local ploidy [15]. Cancer cell fractions (CCF) were calcu-
lated using a binomial distribution and maximum-likelihood 
estimation normalized to produce posterior probabilities 
[35]. Copy-number events (amplifications and deletions) 
and fusions were manually reviewed. Mutations were con-
sidered clonal if the CCF > 0.8 or CCF > 0.7 and the CFF 
upper C.I. > 0.9. The largest chromosomal segment with 
LOH was used to estimate the cellular fraction of a chro-
mosomal loss. To adjust for errors in the estimation of the 
CF, all chromosomal CF values above 90% of the maximal 
per sample CF value were considered the same, and thus the 
corresponding chromosomal losses as occurring in the same 
proportion of cells.

Formalin‑fixed paraffin‑embedded fluorescence 
in situ hybridization experiments

We performed fluorescence in situ hybridization (FISH), 
using probes on relevant chromosomal segments, to confirm 
that loss of heterozygosity is due to the loss of a chromo-
some arm. Formalin-fixed paraffin-embedded (FFPE) tissue 
sections of 4 µm thickness with tumor areas marked were 
used for FISH analysis following standard protocols. Four 
or more FISH probes were selected for each case to confirm 
the copy numbers of those chromosomes with LOH features 
based on MSK-IMPACT FACETS calling [45], including 
probes for 1p/1q, MYCN/CEP2, MET/CEP7, CDKN2A/
CEP9, MDM2/CEP12, NTRK3, FUS, 19p/19q, and EWSR1 
on chromosomes 1, 2, 7, 9, 12, 15, 16, 19, and 22 (from 
Abbott Molecular, Des Plaines, IL; Agilent, Santa Clara, 
CA; Cytotest, Rockville, MD). Signal analysis was per-
formed in combination with morphology correlation, and at 
least 50 interphase cells within the marked tumor area were 
evaluated. Representative FISH images were captured using 
a Zeiss fluorescence microscope coupled with Metasystems 
ISIS software (Newton, MA).

https://github.com/mskcc/tempo
https://github.com/mskcc/tempoSig
https://github.com/mskcc/mimsi
https://github.com/mskcc/facets-suite
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Machine learning

A random forest-based classifier was built using the random-
Forest R package, which is based on the algorithm of Brei-
man and Cutler [10]. Random forest is a machine learning 
method that constructs decision trees for every sample from 
the provided dataset. Each decision tree provides a predic-
tion, and a final prediction is made based upon majority 
vote. The random forest model was trained as follows: the 
dataset was randomly split into a training and test set at a 
ratio of 7:3. We first selected genomic and clinical features 
to be used in our RF model: fraction CNA, fraction LOH, 
gender, lineage, TP53 status of the earliest sample, and LOH 
status for chromosomes 1 through 22. In total, these 27 fea-
tures were evaluated in the training dataset for inclusion in 
the final classifier algorithms using nearZeroVar function 
from the caret package that identifies predictors with near 
zero variance. LOH status for chromosomes 5, 7, 12, 14, 
and 20 were diagnosed as near zero variance predictors and 
therefore excluded from the model. The model was trained 
on the training set, with 500 trees and 22 variables to select 
randomly for each tree. Validation of the classifier was per-
formed on the training set, and out-of-bag (OOB) error was 
used to measure the model’s error rate. Random forest clas-
sifier performance was evaluated using receiver-operating 
characteristic under the curve (ROC-AUC) and accuracy 
based on the test set. Random forests can be used to rank 
the importance of variables. For variable selection, features 
were ranked based on mean minimal depth, number of times 
this variable is a root, and the number of nodes. Cutpointr R 
package was used to choose an optimal threshold for fraction 
of LOH value based on maximizing the sum of sensitivity 
and specificity [48].

Statistics

Statistical tests were performed using R, version 4.3.1. Sta-
tistical analyses was performed using a one- or two-sided 
Wilcoxon rank sum or Fisher’s exact test as reported. P val-
ues of less than 0.05 indicates statistical significance.

Results

Demographics

The retrospective group is comprised of 26 patients and 
includes patients whose tumors were either treatment-refrac-
tory or considered higher risk based on clinicopathologic 
features, Fig. 1a and Table 1. Twenty-four (92%) of these 
patients received radiation and 20 (77%) received treatment 
with the alkylator chemotherapeutic agent, temozolomide, 
during their clinical course; the median number of surgeries 

was three (range = 1–10). Of these 26 patients, 22 (85%) had 
PitNETs that were treatment-refractory as characterized by 
progression following conventional treatments, including a 
first course of radiotherapy. Among these aggressive, treat-
ment-refractory tumors, ten (45%) were metastatic, Fig. 1b. 
Eight of the ten patients with metastatic PitNETs had sys-
temic metastases, of which five were corticotroph and three 
were lactotroph PitNETs; two of the ten had leptomenin-
geal dissemination and were corticotroph tumors. Fourteen 
patients with treatment-refractory PitNETs had corticotroph 
(59%), seven had lactotroph (32%), and one had a somato-
troph tumor, Fig. 1b. Among the treatment-refractory cor-
ticotroph tumors, nine patients (64%) had clinically silent 
tumors without evidence of hypercortisolemia at the time 
of surgery. Among patients with treatment-refractory lacto-
troph PitNETs, four (57%) were male, Fig. 1c. For 19 of 23 
patients, the Ki-67 at the time of diagnosis is available; the 
Ki-67 was 3% or less in 6, 10% or less in 5, and  > 10% in 
7 (the final patient was reported to have a low proliferative 
index without quantification).

The prospective group consists of 66 patients who pre-
sented to MSKCC for resection of their PitNET and were 
consented to the sequencing protocol prior to surgery, 
Fig. 1a and Table 2. The characteristics of this cohort are 
typical of the patient population that seeks a surgical opinion 
at a quaternary care hospital and based on these characteris-
tics, it is comprised of tumors with low malignant potential. 
In these patients, the median number of surgeries was one 
(range = 1–5). Of these 66 patients, only one patient was 
treatment-refractory as defined by progression on imaging 
following standard treatments, including an initial course of 
radiotherapy, Fig. 1a. Notably, this patient with an enlarging 
gonadotroph PitNET after radiotherapy had a cystic tumor, 
which was found to be largely comprised of blood products 
in the operating room. Retrieval of these blood products per-
mitted a complete radiographic resection, and this patient 
has been disease free for 5 years. None of these surgical 
patients had metastatic disease. The majority of resected 
tumors were macroadenomas (83%; n = 55), Fig. 1b. Dur-
ing their clinical course, ten (15%) of the cohort received 
radiation either as adjuvant treatment or due to tumor pro-
gression, and only one patient received temozolomide. This 
patient received temozolomide instead of radiotherapy 
because optic nerve atrophy placed her at higher risk for 
radiation-induced optic neuropathy.

Among the 23 patients with aggressive, treatment-
refractory PitNETs (retrospective cohort: n = 22, pro-
spective cohort: n = 1), the median time from diagnosis to 
radiation was 0.61 years with a range of 0.25–13.3 years, 
as some patients received adjuvant radiation, while others 
were irradiated after demonstrating progression of dis-
ease. The median time from radiation to first progression 
was 2.8 years with a range of 0.5 to 17 years. Metastases 
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developed in ten of the 23 patients with a treatment-refrac-
tory tumor at a median of 7.3 years following diagnosis 
(range of 0.8 to 22.3 years). Among the ten metastatic 
PitNETs, the median survival from the identification of 
metastatic disease was 75 months. Of the six patients who 
died from their treatment-refractory PitNET, one patient 
died from a tumor that never metastasized but was locally 
invasive into the brain; the remaining five patients died of 
metastatic tumors. Salvage treatments after temozolomide 
included checkpoint inhibitors, lutetium-177 DOTATATE, 
cisplatin/etoposide, carboplatin/etoposide, everolimus, and 
lapatinib, and have been described in case reports [19, 
30–34, 44].

Landscape of recurrent somatic alterations 
at the gene level

Patients from both the retrospective and prospective groups 
were stratified into two subsets based on their clinical 
response to radiotherapy: treatment-refractory tumors that 
progressed following an initial course of radiotherapy (22 
from the retrospective and 1 patient from the prospective 
group) and benign tumors (65 from the prospective and 4 
patients from the retrospective group), Fig. 1a, c. Ten of 
the 23 treatment-refractory patients had at least one sam-
ple collected prior to treatment with radiation. Eight treat-
ment-refractory patients had samples from more than one 

Fig. 1  Genomic alterations and clinical characteristics of patients 
with aggressive, treatment-refractory and benign PitNETs. (a) Sche-
matic diagram showing relationship between the retrospective and 
prospective groups and clinical behavior. (b) Summary of the tumor 
lineages in the treatment-refractory and benign subsets and metastatic 
disease status at the time of the data freeze (treatment-refractory 
subset). (c) Oncoprint summarizing recurrently altered driver genes 

in treatment-refractory (left: n = 23) and benign (right: n = 69) Pit-
NETs. Patients who had multiple tumor samples are represented by 
the union of alterations among all samples. Patient demographics 
and clinicopathologic features are on the top, followed by common 
genetic alterations (frequencies are shown on the right in percent per 
clinical category). USP8 status is reported if whole-exome recapture 
was performed
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timepoint; shared oncogenic mutations could be identified 
in five of these patients, Supplementary Fig. 1a. Compared 
to the benign subset, the aggressive, treatment-refractory 
PitNETs had more oncogenic or likely oncogenic somatic 
alterations (tumor mutational burden was higher in the treat-
ment-refractory tumors by a one-sided Wilcoxon rank sum, 
p = 1.3 ×  10−10), Fig. 1c. The most common alterations were 
mutations in TP53, which were overwhelmingly found in the 
treatment-refractory tumors (12 of 23 treatment-refractory 
tumors vs 1 of 69 benign tumors, two-sided Fisher’s exact 
test: p value = 4.2 ×  10−8). Of the 12 PitNETs with TP53 
mutations, 11 were clonal based on cancer cell fraction cal-
culations (see methods). In four of eight corticotroph and 
one of three lactotroph PitNETs with a TP53 mutation, we 
sequenced the tissue specimen from the first resection and 
the TP53 mutation was present. These findings are congru-
ent with prior literature, which suggests that TP53 mutations 
are most commonly early events but can also develop later 
in the natural history by convergent evolution [39, 40, 50].

Five aggressive, treatment-refractory corticotroph 
tumors contained an oncogenic or likely oncogenic 

Table 1  Characteristics of the retrospective cohort

Characteristic Number of patients 
(n = 26)

Percentage

Median age at diagnosis 41
Metastatic
 No 16 62%
 Yes 10 38%

Gender
 Male 12 46%
 Female 14 54%

Histology
 Corticotroph 16 62%
 Lactotroph 8 31%
 Immunonegative 1 4%
 Somatotroph 1 4%

Treatment-refractory
 Yes 22 85%
 No 4 15%

Surgeries
 1 surgery 3 12%
 2 surgeries 9 35%
 3 surgeries 4 15%
 4 +  surgeries 10 38%

Radiation at any time
 Yes 24 92%
 No 2 8%

Received temozolomide
 Yes 20 77%
 No 6 23%

Table 2  Characteristics of the prospective cohort

Characteristic Number 
of patients 
(n = 66)

Percentage

Median age at diagnosis 51
Metastatic
 No 66 100%
 Yes 0 0%

Gender
 Male 27 41%
 Female 39 59%

Histology
 Corticotroph 12 18%
 Co-secreting GH/prolactin 8 12%
 Co-secreting GH/prolactin/TSH 3 5%
 Lactotroph 5 8%
 Gonadotroph 33 50%
 Immunonegative 1 2%
 Somatotroph 4 6%

Treatment-refractory
 Yes 1 2%
 No 65 98%

Surgeries
 1 surgery 53 80%
 2 surgeries 9 14%
 3 +  surgeries 4 6%

Radiation at any time
 Yes 10 15%
 No 56 85%

Received temozolomide
 Yes 1 2%
 No 65 98%

Size of profiled tumor
 Macroadenoma 55 83%
 Microadenoma 11 17%

Knosp score of profiled tumor
 0 28 42%
 1 17 26%
 2 9 14%
 3A 5 8%
 4 7 11%

Ki67 of profiled tumor
  < 3% 58 88%
  > 3% and 10% or less 6 9%

Not available 2 3%
 Extent of resection of profiled tumor
 Subtotal resection 15 23%
 Gross total resection 46 70%
 Near gross total resection 5 8%
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alteration in mismatch repair genes (MSH2, MSH6, and 
MLH1, Fig. 1c). Four of the five PitNETs had alterations 
in the treatment naïve diagnostic resection; the remaining 
patient was found to have an MMR alteration in a recurrent 
tumor that was exposed to temozolomide, which was not 
present in the pre-treatment resection specimens (TR-9, 
Supplementary Fig. 1a). To evaluate the significance of the 
MMR alterations, MMR IHC was performed, confirming 
loss of protein expression in the mutated MMR gene(s) in 
all five patients. Furthermore, three of the four patients 
with a mismatch repair alteration in a pre-treatment sample 
were microsatellite instability-high (MSI-high) by MiMSI 
[55]; the remaining patient’s tumor was microsatellite 
instability-indeterminant (MSI-indeterminant) and had an 
elevated mutation burden (range for these four specimens: 
8.78–12.29 mutations/Mb). Only the tumor that developed 
mismatch repair deficiency as a consequence of thera-
peutic pressure from temozolomide was microsatellite 
stable; this tumor was hypermutated with a tumor muta-
tional burden of 93 mutations/Mb. As previously reported, 
mutational signature decomposition analysis revealed that 
76% of the mutations were attributable to temozolomide, 
which causes a large number of C > T/G > A transitions [2, 
32]. Other alterations in the treatment-refractory PitNETs 
included mutations in genes involved in telomere mainte-
nance (ATRX, DAXX, and TERT) and TSC2, Fig. 1c. These 
alterations were not found in the benign tumors and were 
unique to the treatment-refractory corticotroph PitNETs.

We next evaluated our cohort for known recurrent muta-
tions, such as GNAS R201, which occurs in somatotroph 
PitNETs [25]. Of the five somatotrophs in our cohort, only 
the treatment-refractory tumor harbored this alteration. 
Only one of the seven treatment-refractory lactotrophs, and 
none of the benign lactotrophs, harbored a hotspot muta-
tion in SF3B1 R625C, which was previously reported in 
prolactinomas with a more aggressive clinical phenotype 
[28]. Because USP8 is not included on MSK-IMPACT, we 
performed whole-exome sequencing on specimens from 
all patients in the retrospective cohort, which included 
22 of the 23 aggressive, treatment-refractory tumors (and 
all the treatment-refractory corticotroph tumors). USP8 
mutations were rarely identified among the aggressive, 
treatment-refractory PitNETs (n = 3), Fig. 1c and Sup-
plementary Fig. 1b. The solitary tumor with a canonical 
USP8 gain-of-function mutation in the 14-3-3 binding 
domain is from a patient with a treatment-refractory corti-
cotroph PitNET who received two courses of proton RT in 
2007 and 2009 with a complete response after the second 
course, and no recurrence on imaging after over 14 years 
of radiographic follow-up. The remaining two USP8 muta-
tions were a missense mutation outside the 14-3-3 binding 
motif and a truncating mutation in a lactotroph.

Recurrent genome‑wide loss of heterozygosity 
in treatment‑refractory PitNETs

While the aggressive, treatment-refractory tumors had a 
higher frequency of gene mutations than the benign tumors, 
not all treatment-refractory cases were explained by gene-
level alterations. Collectively, only 61% (15/23) of patients 
had oncogenic or likely oncogenic mutations demonstrated 
previously to be associated with worse prognosis: TP53, 
ATRX, DAXX, or SF3B1 [12, 20, 39, 50]. Based on these 
observations, we hypothesized that alternative molecu-
lar features contribute to aggressive, treatment-refractory 
behavior. To explore this further, we performed allele-
specific copy-number analysis using FACETS to infer frac-
tion of genome altered (FGA) and fraction of LOH [45], 
Fig. 2a. We found a higher FGA and fraction of LOH in 
the treatment-refractory PitNETs compared to the benign 
tumors (one-sided Wilcoxon rank sum: p = 7.3 ×  10−6 and 
p = 8.5 ×  10−9, respectively). Controlling for lineage, frac-
tion of LOH was different in the treatment-refractory and 
benign corticotroph PitNETs (two-sided Wilcoxon rank 
sum, p = 7.3 ×  10−4) and there was a trend toward a differ-
ence in fraction of LOH in the treatment-refractory and 
benign lactotroph tumors (two-sided Wilcoxon rank sum, 
p = 0.10), Fig. 2b. Finally, a higher fraction of LOH was 
found in tumors with TP53 mutations (one-sided Wilcoxon 
rank sum, p = 3.3 ×  10−8), consistent with genomic instabil-
ity from dysregulation of the TP53 pathway [5, 47].

We observed recurrent LOH at the chromosomal level in 
the treatment-refractory tumor, where LOH of an individual 
chromosome is defined as LOH involving more than 75% 
of the chromosome length. While the lactotroph PitNETs 
displayed higher fraction of LOH without a specific pat-
tern, corticotroph PitNETs had a striking pattern of LOH 
involving chromosomes 1, 2, 3, 4, 6, 10, 11, 15, 17, 18, 21, 
and 22. This specific pattern of recurrent chromosomal LOH 
(rcLOH), was observed in 78% (11/14) of the aggressive, 
treatment-refractory corticotroph PitNETs compared to only 
a single (1/14) benign corticotroph tumor (one-sided Fish-
er’s exact test, p = 1.7 ×  10−4), Fig. 2a. Interestingly, in 11 of 
the 12 corticotroph tumors with rcLOH, the loss of at least 
9 chromosomes occurred in the same proportion of cells 
(defined as within 10% of the cellular fraction) in a given 
sample, consistent with either a single event or the LOH 
of each chromosome being driven to clonality over time 
(example in Supplementary Fig. 2a). Notably, the Crooke 
Cell (B-55) and silent ACTH (B-56 and B-57) PitNETs in 
the benign subset did not demonstrate rcLOH, Fig. 2a. In 
contrast to benign PitNETs, the majority of aggressive, treat-
ment-refractory PitNETs are Loss of Heterozygosity-High 
(LOH-H), defined as exhibiting a fraction of LOH above the 
median for the cohort (fraction of LOH above 0.03), with 
48% (11/23) displaying rcLOH, Fig. 2c.
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To confirm whether these LOH events are due to het-
erozygous loss of the relevant chromosomal regions ver-
sus copy neutral LOH, we performed fluorescent in situ 
hybridization (FISH) in five patients using various probes, 
including probes that target chromosomes identified as 
LOH via FACETS, to confirm the copy-number events 
in each sample, as well as the clonality of these events. 
Whole-exome sequencing data from patient TR-9 indi-
cated rcLOH, including LOH of chromosomes 1 and 9 and 
LOH of 19p but not 19q, Fig. 3a. FISH of the chromosome 
arms of chromosomes 1, 9, and 19 recapitulated the esti-
mated integer copy-number estimates from the genomics 
by demonstrating the loss of one copy of chromosomes 1, 9 
and 19p, Fig. 3b. These findings provide evidence that the 

chromosomal LOH identified by FACETS are due to loss of 
the relevant chromosomes or chromosomal regions, which 
is indicative of an aneuploid genomic profile with multiple 
monosomies, i.e., hypodiploidy. In all five tumors on which 
we performed FISH, heterozygous regions hybridized with 
two probes, whereas chromosomes with LOH hybridized to 
a single probe, Fig. 3 and Supplementary Fig. 3a–d. In two 
of the patients, a minor population (less than 15%) of tumor 
cells showed a duplicated FISH signal pattern; the use of 
centromere probes supports that these duplicated patterns 
represent additional chromosomal copies and possibly clonal 
evolution, Supplementary Fig. 3b, c. Six of 14 patients with 
treatment-refractory corticotroph and three of seven treat-
ment-refractory lactotroph tumors that were LOH-H were 

Fig. 2  Genomic instability due to loss of heterozygosity (LOH) is fre-
quent in aggressive, treatment-refractory PitNETs. (a) The heatmap 
shows LOH status for individual chromosomes with each blue box 
demonstrating LOH covering at least 75% of the given chromosome 
and reflects the first sequenced resection. Top tracks report clinico-
pathologic features such as lineage and treatment, again for the first 
sequenced resection. Bottom tracks report features of genomic insta-
bility, including whole-genome duplication status (WGD), fraction of 
genome altered (FGA), and fraction of LOH based on median values 

(median FGA = 0.22, median fraction of LOH = 0.03). Copy-number 
alteration (CNA) data are unavailable for two patients as annotated. 
(b) Cohort segregated into treatment-refractory and benign, display-
ing the fraction of LOH by lineage. Two-sided Wilcoxon rank sum 
tests are shown. (c) The percentage of samples with classifications of 
LOH: LOH-H (fraction LOH higher than the median = 0.03) with or 
without rcLOH (involving chromosomes 1, 2, 3, 4, 6, 10, 11, 15, 17, 
18, 21, and 22), or LOH-L (fraction of LOH < 0.03)
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Fig. 3  Hypodiploidy is identified by sequencing and fluorescence 
in  situ hybridization. (a) Integer total copy number of patient TR-9 
estimated by FACETS, displaying extensive LOH including recur-
rently lost chromosomes across the treatment-refractory cohort. Chro-
mosomes 1, 9, and 19 highlighted to compare to FISH. (b) Fluores-
cence in  situ hybridization (FISH) analysis on patient TR-9. Probes 
against 1p, 1q, 19p, 19q, and CEP9 demonstrate that loss of one copy 

of chromosome 1, 9, and a segment of 19 including 19p validating 
the FACETS integer copy-number estimates. (c) and (d) provides 
schematic timelines, which outline the clinical course, in a patient 
with a treatment-refractory lactotroph (TR-15) and a treatment-refrac-
tory corticotroph (TR-2) PitNET, respectively. Clone trees from the 
two patients highlight mutations, LOH and signatures that are either 
shared or unique to the primary tumor and a metastasis
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sequenced prior to radiation treatment, establishing that 
this is not a radiation therapy-driven genomic aberration, 
Fig. 2a. Sequential resections from eight patients, five of 
which had resections before and after radiation treatment, 
further demonstrated that LOH is stable despite treatment, 
Supplementary Fig. 2b. Patients TR-15 and TR-2 (Fig. 3c, 
d) have lactotroph and corticotroph PitNETs, respectively, 
each with LOH involving multiple chromosomes and co-
occurring oncogenic alterations thought to represent early 
events. In both patients, LOH was observed in the radiation 
therapy-naïve tumor samples along with TP53 mutation, 
suggesting that the chromosomal LOH is an early event in 
the development of pituitary tumors with aggressive clini-
cal behavior.

Random forest modeling genomic markers of future 
treatment‑refractory behavior

To further explore which clinical and genomic characteris-
tics predict aggressive, treatment-refractory behavior in Pit-
NETs, we implemented a machine learning approach using a 
random forest algorithm (RF). In this analysis, the prospec-
tive and retrospective groups were pooled and randomly split 
into training and test sets. The training dataset consisted of 
17 treatment-refractory and 47 benign tumors, while the test 
dataset consisted of 6 treatment-refractory and 20 benign 
tumors. The RF algorithm classifies tumors into treatment-
refractory or benign based on an ensemble of decision trees 
[10]. The variance of 27 features, both genomic and clini-
cal, was examined in the training dataset. Out of 27, only 
22 features had non-zero variance (fraction CNA, fraction 
LOH, sex, lineage, TP53 status, and LOH status for 17 of the 
chromosomes) and were used in the RF model. The model 
performance reported an out-of-bag (OOB) error of 14.06%.

RF models can be used to identify the most important 
feature for classification. When applied to the training set, 
the RF model showed that fraction of LOH was most fre-
quently chosen as a root by the RF classifier among all the 
features tested (n = 22). It outperformed other features by 
several metrics, including mean minimal depth, the mean 
decrease in accuracy, and the mean decrease in Gini index, 
Fig. 4a. Cut point analysis performed on the training set with 
500 bootstraps identified fraction of LOH value of 0.11 as 
the optimal threshold value when optimizing for the highest 
sum of sensitivity and specificity. At this threshold, the sen-
sitivity was 0.82 and the specificity was 0.91, respectively, 
as estimated on the training set, Supplementary Fig. 4a. We 
then compared the performance of three models on the test 
set (n = 26): the RF model, a binary classifier based on frac-
tion of LOH value of 0.11, and a binary classifier of TP53 
mutational status, which was the most common gene-level 
event observed in the aggressive, treatment-refractory Pit-
NETs. ROC analysis comparing the three classifiers showed 

that the binary classifier of the fraction of LOH greater than 
0.11 segregated treatment-refractory from benign tumors 
slightly more successfully (AUC = 0.87) than the random 
forest model (AUC = 0.86), and much better than TP53 
mutational status alone (AUC = 0.75), Supplementary 
Fig. 4b–d.

When a fraction of LOH-based classifier is applied to 
the test set, the accuracy of predictions reached 0.88 (95% 
CI: 0.70–0.96), with sensitivity and specificity values of 
0.83 and 0.90, respectively. Positive prediction value was 
0.71 while negative prediction value was 0.95. The test data 
set included six aggressive, treatment-refractory tumors, 
of which five (83%) were correctly classified as treatment-
refractory based on the model. Only one case was misclas-
sified as benign; this misclassified tumor is a somatotroph 
with a GNAS R201S mutation that has grown indolently 
following radiotherapy. Out of 20 benign cases, 18 (90%) 
were correctly classified and two cases were predicted to be 
treatment-refractory, Fig. 4b. The two cases that were benign 
at the time of last follow-up but classified as treatment-
refractory were a gonadotroph (fraction of LOH = 0.31) and 
a lactotroph tumor (male, fraction of LOH = 0.46).

Discussion

A rare subset of PitNETs progress following treatment with 
surgery, conventional medical therapies, and radiation, and 
can be considered both aggressive and treatment-refractory. 
At present, there are limited predictive biomarkers of future 
aggressive, treatment-refractory behavior.

Our data show that aggressive, treatment-refractory Pit-
NETs have an increased fraction of LOH, which is often 
due to chromosomal losses. In the treatment-refractory cor-
ticotroph tumors in our sequencing cohort, LOH of at least 
9 chromosomes occurred in the same proportion of cells, 
raising the possibility that these monosomies occurred as 
a single event. This recurrent chromosomal LOH (rcLOH) 
has been reported by other authors but has not been associ-
ated with treatment-refractory behavior. Uzilov et al. [50] 
described 3 corticotroph PitNETs and Bi et al. [9] described 
a solitary tumor with hypodiploid genomes consistent with 
rcLOH. Data on the clinical course of tumors are lacking, 
aside from one patient with rcLOH in the Uzilov paper who 
had the highest Ki-67 index (23.5%) and the greatest number 
of recurrences in the cohort. In a paper by Lasolle et al., only 
a very small subset of corticotroph PitNETs had a pattern of 
deletions on array comparative genomic hybridization that 
is potentially consistent with rcLOH [26]. This study was 
unable to find an association between copy-number varia-
tion (CNV) and tumor recurrence. An association between 
CNV and treatment-refractory behavior was not investigated 
for two possible reasons: (1) insufficient follow-up and (2) 
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the rarity of this clinical phenotype. Finally, in the paper by 
Neou et al., 86 PitNETs were analyzed using a single-nucle-
otide polymorphism (SNP) array. This analysis included 13 
pituitary tumors that were considered aggressive and did 
not identify an association between chromosomal alterations 
and aggressiveness; however, it is unknown whether these 
“aggressive” tumors progressed following treatment with 
an initial course of radiotherapy and fulfill the definition of 
treatment-refractory used in our study [38].

While an association between fraction of genome altered 
(FGA) and aggressive, treatment-refractory behavior was 
identified in our cohort, the random forest (RF) model shows 
that fraction of LOH outperforms FGA. In this study, we 
identify a genomic marker of aggressiveness that has not 
been identified by others because of differences in the end-
points that were investigated both genomic (FGA vs. LOH) 
and clinical (recurrence vs aggressiveness vs treatment-
refractoriness), and because our cohort includes a greater 
number of tumors with high malignant potential. We believe 

that the high number of tumors with rcLOH in our cohort 
compared to others is due to this enrichment of very aggres-
sive tumors.

The stability and the early timing of this loss of heterozy-
gosity are supported by the consistency of the losses across 
multiple resections from the same patient, including the 
diagnostic tumor samples. We show that LOH in PitNETs 
associates with TP53 mutations, which is an expected find-
ing, given that TP53 mutations have been associated with 
aneuploidy across cancer types [47].

Aneuploidy occurs in up to 90% of solid tumors and is 
known to vary by tumor type [7]. It has been shown that 
tumors arising from the same tissue type and tumors aris-
ing from similar tissue types share similar patterns of ane-
uploidy [7, 21]; for example, squamous cancers of multiple 
primary sites cluster together [21, 22]. Additionally, tis-
sues adjacent to tumors and even healthy tissues have been 
found to harbor copy-number alterations that are similar 
to the alterations observed in tumors from corresponding 

Fig. 4  Performance of random forest classifier. (a) On the left, the 
number of times a feature is the root of a regression tree is plotted 
against the average depth of the first node for that feature (mean 
minimal depth) with the size of each data point representing total 
number of nodes that utilize the feature for splitting; the fraction of 
LOH is the top feature for partitioning aggressive, treatment-refrac-

tory behavior. Fraction of LOH is also the top feature for predicting 
aggressive, treatment-refractory behavior when ranking each feature 
by the mean decrease in accuracy (middle) and Gini index (right). 
(b) Plot showing the accuracy and precision of our model on the test 
dataset with prediction on the x-axis and the reference truth on the 
y-axis
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tissues [3, 17]. The rcLOH phenotype that was identified 
in the treatment-refractory corticotroph PitNETs shares 
some similarity to the pattern of LOH identified in normal 
pituitary tissue, including loss of chromosomes 1, 2, 11, 
18, 21, and 22 [17]. However, this rcLOH phenotype iden-
tified in corticotroph PitNETs more closely resembles a 
pattern of LOH found in pancreatic neuroendocrine tumors 
with a more aggressive phenotype (characterized by loss of 
chromosomes 1, 2, 3, 6, 8, 10, 11, 16, 21, and 22) [43] and 
other endocrine neoplasms, such as adrenocortical carci-
noma [54]. This suggests that rcLOH in PitNETs is more 
indicative of an endocrine tumor type, rather than pertain-
ing specifically to this tumor’s adenohypophyseal tissue 
of origin. In the context of an endocrine cell type, a hypo-
diploid genome due to multiple monosomies on specific 
chromosomes may represent a critical driver due to hap-
loinsufficiency and disruption of signaling pathways [27].

rcLOH occurred in the vast majority of treatment-refrac-
tory corticotroph PitNETs and only in a single patient with 
a benign corticotroph tumor. This patient (B-54) with the 
benign corticotroph tumor with rcLOH underwent surgical 
resection and the pathology was unremarkable, with a Ki-67 
of 1%. Besides rcLOH and a TP53 mutation, this tumor was 
genomically quiescent without additional oncogenic drivers 
and has not recurred thus far, after 7 years of follow-up, pos-
sibly because the tumor was confined to the gland permitting a 
complete resection. Patient TR-9 (Supplementary Figs. 1a and 
2b) with a treatment-refractory metastatic PitNET started as a 
similar tumor with rcLOH without additional oncogenic driv-
ers, with a Ki-67 of  ~ 1%. Unlike patient B-54, patient TR-9 
could only undergo a subtotal resection due to the tumor’s 
invasive behavior. The recurrent tumor acquired CCND3 
amplification on a subsequent resection, followed by the 
acquisition of CDKN2A/B loss, mismatch repair deficiency, 
and alkylator-induced somatic hypermutation, which was 
identified in a liver metastasis that had a Ki67 of 50% [32].

Aggressive, treatment-refractory corticotroph PitNETs 
also had mutations in ATRX and DAXX, which are respon-
sible for alternative lengthening of telomeres (ALT). This 
finding is consistent with prior studies [12, 20], which iden-
tified ALT in recurrent PitNETs, and explains the absence 
of tumors with ATRX and DAXX mutations in the benign 
tumors in our prospective cohort. Additionally, the cohort 
includes tumors with mutations in MMR genes in the 
diagnostic resection; the functional significance of these 
mutations is supported by the loss of protein expression 
on MMR IHC, high mutational burden, and the MSI-high/
MSI-intermediate status of these tumors. This finding is 
of significant interest, given that the PD1 inhibitor pem-
brolizumab is approved for the treatment of mismatch repair 
deficient tumors, agnostic to tumor type. Notably, dramatic 
responses to checkpoint inhibitors have been reported in the 
setting of mismatch repair deficiency in PitNETs [32, 44].

Among lactotrophs, we observed a trend toward higher 
LOH in the treatment-refractory subset. A high fraction of 
LOH is more consistently seen than hotspot mutations in 
SF3B1, which has been reported in recurrent lactotrophs 
[28], but was only identified in one treatment-refractory 
lactotroph in our cohort. The only recurrent gene level 
event that we identified in treatment-refractory lactotroph 
tumors were mutations in TP53.

Compared to prior sequencing efforts, this study 
captures patients with more aggressive PitNETs based 
on well-documented clinical behavior. Given the rar-
ity of treatment-refractory behavior, this study uncov-
ers genomic events that have not been well described in 
PitNETs, including a phenotype that has been observed 
in other endocrine tumors. A machine learning approach 
using random forest (RF) shows that future aggressive, 
treatment-refractory behavior can be predicted and that 
fraction of LOH is the best individual predictive marker 
of future treatment-refractoriness. This work also demon-
strates that treatment-refractory PitNETs are genomically 
distinct from an unselected group of surgical patients. 
However, given the limited number of tumors included, 
this study may not have captured the full range of behav-
ior found in patients with PitNETs. A larger, prospective 
cohort with longer periods of clinical follow-up is there-
fore needed to validate these findings.

LOH is a common feature of aggressive, treatment-refrac-
tory PitNETs and appears to have prognostic significance. 
The importance of this phenotype may extend beyond prog-
nostication as LOH, and rcLOH in particular, seems to be a 
fundamental molecular feature, which may have functional 
implications that can be leveraged in the treatment of this 
uncommon malignancy.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 024- 02736-8.

Acknowledgements This research was funded by NIH R21 CA280469-
01, NIH/NCI Cancer Center Support Grant P30 CA008748, Cycle for 
Survival, and the Marie-Josée and Henry R. Kravis Center for Molecu-
lar Oncology.

Author contributions Andrew L. Lin, Eliza B. Geer, and Viviane 
Tabar: designed the research study, acquired and analyzed data, and 
wrote the manuscript. Vasilisa A. Rudneva, Allison L. Richards, and 
Mark T.A. Donoghue: designed the research study, analyzed data, 
and wrote the manuscript. Yanming Zhang: conducted experiments, 
analyzed data, and wrote the manuscript. Hyung Jun Woo: analyzed 
data. Marc Cohen, Jamie Tisnado, Nazanin Majd, Sharon L. Wardlaw, 
Gabrielle Page-Wilson, Soma Sengupta, Frances Chow, Bernard 
Goichot, Byram H. Ozer, Jorg Dietrich, Lisa Nachtigall, Arati Desai, 
Tina Alano, Shahiba Ogilive, David B. Solit, Tejus A. Bale, and Marc 
Rosenblum: acquired data. All authors read, revised, and approved the 
final manuscript.

Data availability The whole-exome sequencing will be deposited in 
NCBI dbGaP (Accession #phs001783: Exome Recapture and Sequenc-
ing of Prospectively Characterized Clinical Specimens from Cancer 

https://doi.org/10.1007/s00401-024-02736-8


Acta Neuropathologica          (2024) 147:85  Page 13 of 15    85 

Patients; https:// www. ncbi. nlm. nih. gov/ proje cts/ gap/ cgi- bin/ study. cgi? 
study_ id= phs00 1783. v1. p1). The somatic mutational and clinical data 
from targeted next-generation sequencing have been deposited for visu-
alization and analysis in the cBioPortal for Cancer Genomics (https:// 
www. cbiop ortal. org/).

Declarations 

Conflict of interest Andrew L. Lin reports research funding from 
Bristol Myers Squibb. Lisa Nachtigall and Eliza B. Geer report re-
search funding from Recordati. David B. Solit has consulted/received 
honoraria from Rain Pharmaceuticals, Pfizer, Fog Pharma, PaigeAI, 
BridgeBio, Scorpion Therapeutics, FORE Therapeutics, Function On-
cology, Pyramid, and Elsie Biotechnologies, Inc. The remaining au-
thors have no disclosures to report.

Ethical approval Patients with PitNETs were enrolled on a sequencing 
protocol (NCT01775072) that was approved by the MSKCC Institu-
tional Review Board and conducted in accordance with International 
Ethical Guidelines for Biomedical Research Involving Human Subjects, 
Good Clinical Practice guidelines, the Declaration of Helsinki, and 
local laws, after providing written informed consent.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Al-Shraim M, Asa SL (2006) The 2004 World Health Organiza-
tion classification of pituitary tumors: what is new? Acta Neuro-
pathol 111:1–7. https:// doi. org/ 10. 1007/ s00401- 005- 1093-6

 2. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, 
Biankin AV et al (2013) Signatures of mutational processes in human 
cancer. Nature 500:415–421. https:// doi. org/ 10. 1038/ natur e12477

 3. Aran D, Camarda R, Odegaard J, Paik H, Oskotsky B, Krings G 
et al (2017) Comprehensive analysis of normal adjacent to tumor 
transcriptomes. Nat Commun 8:1077. https:// doi. org/ 10. 1038/ 
s41467- 017- 01027-z

 4. Asioli S, Righi A, Iommi M, Baldovini C, Ambrosi F, Guaraldi 
F et al (2019) Validation of a clinicopathological score for the 
prediction of post-surgical evolution of pituitary adenoma: retro-
spective analysis on 566 patients from a tertiary care centre. Eur 
J Endocrinol 180:127–134. https:// doi. org/ 10. 1530/ EJE- 18- 0749

 5. Baslan T, Morris JP, Zhao Z, Reyes J, Ho YJ, Tsanov KM et al 
(2022) Ordered and deterministic cancer genome evolution 
after p53 loss. Nature 608:795–802. https:// doi. org/ 10. 1038/ 
s41586- 022- 05082-5

 6. Bates AS, Farrell WE, Bicknell EJ, McNicol AM, Talbot AJ, 
Broome JC et al (1997) Allelic deletion in pituitary adenomas 
reflects aggressive biological activity and has potential value as a 
prognostic marker. J Clin Endocrinol Metab 82:818–824. https:// 
doi. org/ 10. 1210/ jcem. 82.3. 3799

 7. Ben-David U, Amon A (2020) Context is everything: aneuploidy 
in cancer. Nat Rev Genet 21:44–62. https:// doi. org/ 10. 1038/ 
s41576- 019- 0171-x

 8. Benjamin D, Sato T, Cibulskis K, Getz G, Stewart C, Lichten-
stein L (2019) Calling Somatic SNVs and Indels with Mutect2. 
bioRxiv. https:// doi. org/ 10. 1101/ 861054

 9. Bi WL, Horowitz P, Greenwald NF, Abedalthagafi M, Agarwalla 
PK, Gibson WJ et al (2017) Landscape of genomic alterations in 
pituitary adenomas. Clin Cancer Res 23:1841–1851. https:// doi. 
org/ 10. 1158/ 1078- 0432. CCR- 16- 0790

 10. Breiman L (2001) Random forests. Mach Learn 45:5–32. https:// 
doi. org/ 10. 1023/A: 10109 33404 324

 11. Buch HN, Raskauskiene D, Bahar A, Bicknell EJ, Farrell WE, Clay-
ton RN (2004) Prediction of recurrence of nonfunctioning pituitary 
tumours by loss of heterozygosity analysis. Clin Endocrinol (Oxf) 
61:19–25. https:// doi. org/ 10. 1111/j. 1365- 2265. 2004. 02046.x

 12. Casar-Borota O, Boldt HB, Engstrom BE, Andersen MS, Baus-
sart B, Bengtsson D et al (2021) Corticotroph aggressive pitui-
tary tumors and carcinomas frequently harbor ATRX mutations. 
J Clin Endocrinol Metab 106:1183–1194. https:// doi. org/ 10. 
1210/ clinem/ dgaa7 49

 13. Cheng DT, Mitchell TN, Zehir A, Shah RH, Benayed R, Syed A 
et al (2015) Memorial Sloan Kettering-integrated mutation pro-
filing of actionable cancer targets (MSK-IMPACT): a hybridi-
zation capture-based next-generation sequencing clinical assay 
for solid tumor molecular oncology. J Mol Diagn 17:251–264. 
https:// doi. org/ 10. 1016/j. jmoldx. 2014. 12. 006

 14. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pol-
lard MO et al (2021) Twelve years of SAMtools and BCFtools. 
Gigascience 10:giab008. https:// doi. org/ 10. 1093/ gigas cience/ 
giab0 08

 15. Dentro SC, Wedge DC, Van Loo P (2017) Principles of reconstruct-
ing the subclonal architecture of cancers. Cold Spring Harb Per-
spect Med 7:a026625. https:// doi. org/ 10. 1101/ cshpe rspect. a0266 25

 16. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, 
Hartl C et al (2011) A framework for variation discovery and 
genotyping using next-generation DNA sequencing data. Nat 
Genet 43:491–498. https:// doi. org/ 10. 1038/ ng. 806

 17. Gao T, Kastriti ME, Ljungstrom V, Heinzel A, Tischler AS, Ober-
bauer R et al (2023) A pan-tissue survey of mosaic chromosomal 
alterations in 948 individuals. Nat Genet 55:1901–1911. https:// 
doi. org/ 10. 1038/ s41588- 023- 01537-1

 18. Geer EB (2023) Refractory pituitary adenomas: preface. Pituitary 
26:261–262. https:// doi. org/ 10. 1007/ s11102- 023- 01330-7

 19. Goichot B, Taquet MC, Baltzinger P, Baloglu S, Gravaud M, 
Malouf GG et al (2023) Should pituitary carcinoma be treated 
using a NET-like approach? A case of complete remission of 
a metastatic malignant prolactinoma with multimodal therapy 
including immunotherapy. Clin Endocrinol (Oxf) 98:633–637. 
https:// doi. org/ 10. 1111/ cen. 14645

 20. Heaphy CM, Bi WL, Coy S, Davis C, Gallia GL, Santagata S 
et al (2020) Telomere length alterations and ATRX/DAXX loss 
in pituitary adenomas. Mod Pathol 33:1475–1481. https:// doi. org/ 
10. 1038/ s41379- 020- 0523-2

 21. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E et al 
(2018) Cell-of-origin patterns dominate the molecular classifica-
tion of 10,000 tumors from 33 types of cancer. Cell 173:291-
304e296. https:// doi. org/ 10. 1016/j. cell. 2018. 03. 022

 22. Hoadley KA, Yau C, Wolf DM, Cherniack AD, Tamborero D, Ng 
S et al (2014) Multiplatform analysis of 12 cancer types reveals 
molecular classification within and across tissues of origin. Cell 
158:929–944. https:// doi. org/ 10. 1016/j. cell. 2014. 06. 049

 23. Jonsson P, Bandlamudi C, Cheng ML, Srinivasan P, Chavan SS, 
Friedman ND et al (2019) Tumour lineage shapes BRCA-medi-
ated phenotypes. Nature 571:576–579. https:// doi. org/ 10. 1038/ 
s41586- 019- 1382-1

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001783.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001783.v1.p1
https://www.cbioportal.org/
https://www.cbioportal.org/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00401-005-1093-6
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/s41467-017-01027-z
https://doi.org/10.1038/s41467-017-01027-z
https://doi.org/10.1530/EJE-18-0749
https://doi.org/10.1038/s41586-022-05082-5
https://doi.org/10.1038/s41586-022-05082-5
https://doi.org/10.1210/jcem.82.3.3799
https://doi.org/10.1210/jcem.82.3.3799
https://doi.org/10.1038/s41576-019-0171-x
https://doi.org/10.1038/s41576-019-0171-x
https://doi.org/10.1101/861054
https://doi.org/10.1158/1078-0432.CCR-16-0790
https://doi.org/10.1158/1078-0432.CCR-16-0790
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1111/j.1365-2265.2004.02046.x
https://doi.org/10.1210/clinem/dgaa749
https://doi.org/10.1210/clinem/dgaa749
https://doi.org/10.1016/j.jmoldx.2014.12.006
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1101/cshperspect.a026625
https://doi.org/10.1038/ng.806
https://doi.org/10.1038/s41588-023-01537-1
https://doi.org/10.1038/s41588-023-01537-1
https://doi.org/10.1007/s11102-023-01330-7
https://doi.org/10.1111/cen.14645
https://doi.org/10.1038/s41379-020-0523-2
https://doi.org/10.1038/s41379-020-0523-2
https://doi.org/10.1016/j.cell.2018.03.022
https://doi.org/10.1016/j.cell.2014.06.049
https://doi.org/10.1038/s41586-019-1382-1
https://doi.org/10.1038/s41586-019-1382-1


 Acta Neuropathologica          (2024) 147:85    85  Page 14 of 15

 24. Kim S, Scheffler K, Halpern AL, Bekritsky MA, Noh E, Kallberg 
M et al (2018) Strelka2: fast and accurate calling of germline and 
somatic variants. Nat Methods 15:591–594. https:// doi. org/ 10. 
1038/ s41592- 018- 0051-x

 25. Landis CA, Masters SB, Spada A, Pace AM, Bourne HR, Vallar 
L (1989) GTPase inhibiting mutations activate the alpha chain of 
Gs and stimulate adenylyl cyclase in human pituitary tumours. 
Nature 340:692–696. https:// doi. org/ 10. 1038/ 34069 2a0

 26. Lasolle H, Elsensohn MH, Wierinckx A, Alix E, Bonnefille C, 
Vasiljevic A et al (2020) Chromosomal instability in the prediction 
of pituitary neuroendocrine tumors prognosis. Acta Neuropathol 
Commun 8:190. https:// doi. org/ 10. 1186/ s40478- 020- 01067-5

 27. Lawrence B, Blenkiron C, Parker K, Tsai P, Fitzgerald S, Shields P 
et al (2018) Recurrent loss of heterozygosity correlates with clini-
cal outcome in pancreatic neuroendocrine cancer. NPJ Genom Med 
3:18. https:// doi. org/ 10. 1038/ s41525- 018- 0058-3

 28. Li C, Xie W, Rosenblum JS, Zhou J, Guo J, Miao Y et al (2020) 
Somatic SF3B1 hotspot mutation in prolactinomas. Nat Commun 
11:2506. https:// doi. org/ 10. 1038/ s41467- 020- 16052-8

 29. Li H, Durbin R (2009) Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics 25:1754–1760. https:// 
doi. org/ 10. 1093/ bioin forma tics/ btp324

 30. Lin AL, Donoghue MTA, Wardlaw SL, Yang TJ, Bodei L, Tabar V 
et al (2020) Approach to the treatment of a patient with an aggres-
sive pituitary tumor. J Clin Endocrinol Metab 105:3807–3820. 
https:// doi. org/ 10. 1210/ clinem/ dgaa6 49

 31. Lin AL, Geer EB, Lala N, Page-Wilson G, Magge R, Young RJ et al 
(2023) The treatment of aggressive prolactinomas with everolimus. 
Pituitary 26:474–481. https:// doi. org/ 10. 1007/ s11102- 023- 01340-5

 32. Lin AL, Jonsson P, Tabar V, Yang TJ, Cuaron J, Beal K et al (2018) 
Marked response of a hypermutated ACTH-secreting pituitary car-
cinoma to Ipilimumab and Nivolumab. J Clin Endocrinol Metab 
103:3925–3930. https:// doi. org/ 10. 1210/ jc. 2018- 01347

 33. Lin AL, Tabar V, Young RJ, Cohen M, Cuaron J, Yang TJ et al 
(2021) Synergism of checkpoint inhibitors and peptide receptor radi-
onuclide therapy in the treatment of pituitary carcinoma. J Endocr 
Soc 5:bvab133. https:// doi. org/ 10. 1210/ jendso/ bvab1 33

 34. Majd N, Waguespack SG, Janku F, Fu S, Penas-Prado M, Xu M 
et al (2020) Efficacy of pembrolizumab in patients with pituitary 
carcinoma: report of four cases from a phase II study. J Immunother 
Cancer 8:e001532. https:// doi. org/ 10. 1136/ jitc- 2020- 001532

 35. McGranahan N, Favero F, de Bruin EC, Birkbak NJ, Szallasi Z, 
Swanton C (2015) Clonal status of actionable driver events and the 
timing of mutational processes in cancer evolution. Sci Transl Med 
7:283ra254. https:// doi. org/ 10. 1126/ scitr anslm ed. aaa14 08

 36. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kerny-
tsky A et al (2010) The Genome Analysis Toolkit: a MapReduce 
framework for analyzing next-generation DNA sequencing data. 
Genome Res 20:1297–1303. https:// doi. org/ 10. 1101/ gr. 107524. 110

 37. Mete O, Lopes MB (2017) Overview of the 2017 WHO Classifica-
tion of pituitary tumors. Endocr Pathol 28:228–243. https:// doi. org/ 
10. 1007/ s12022- 017- 9498-z

 38. Neou M, Villa C, Armignacco R, Jouinot A, Raffin-Sanson ML, 
Septier A et al (2020) Pangenomic classification of pituitary neu-
roendocrine tumors. Cancer Cell 37(123–134):e125. https:// doi. org/ 
10. 1016/j. ccell. 2019. 11. 002

 39. Perez-Rivas LG, Simon J, Albani A, Tang S, Roeber S, Assie G et al 
(2022) TP53 mutations in functional corticotroph tumors are linked 
to invasion and worse clinical outcome. Acta Neuropathol Commun 
10:139. https:// doi. org/ 10. 1186/ s40478- 022- 01437-1

 40. Pinto EM, Siqueira SA, Cukier P, Fragoso MC, Lin CJ, de Men-
donca BB (2011) Possible role of a radiation-induced p53 muta-
tion in a Nelson’s syndrome patient with a fatal outcome. Pituitary 
14:400–404. https:// doi. org/ 10. 1007/ s11102- 009- 0194-y

 41. Raverot G, Burman P, McCormack A, Heaney A, Petersenn S, Pop-
ovic V et al (2018) European Society of Endocrinology Clinical 

Practice Guidelines for the management of aggressive pituitary 
tumours and carcinomas. Eur J Endocrinol 178:G1–G24. https:// 
doi. org/ 10. 1530/ EJE- 17- 0796

 42. Raverot G, Dantony E, Beauvy J, Vasiljevic A, Mikolasek S, Borson-
Chazot F et al (2017) Risk of recurrence in pituitary neuroendo-
crine tumors: a prospective study using a five-tiered classification. J 
Clin Endocrinol Metab 102:3368–3374. https:// doi. org/ 10. 1210/ jc. 
2017- 00773

 43. Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P et al 
(2017) Whole-genome landscape of pancreatic neuroendocrine 
tumours. Nature 543:65–71. https:// doi. org/ 10. 1038/ natur e21063

 44. Shah S, Manzoor S, Rothman Y, Hagen M, Pater L, Golnik K et al 
(2022) Complete response of a patient with a mismatch repair defi-
cient aggressive pituitary adenoma to immune checkpoint inhibitor 
therapy: a case report. Neurosurgery 91:e51–e56. https:// doi. org/ 10. 
1227/ neu. 00000 00000 002024

 45. Shen R, Seshan VE (2016) FACETS: allele-specific copy number 
and clonal heterogeneity analysis tool for high-throughput DNA 
sequencing. Nucleic Acids Res 44:e131. https:// doi. org/ 10. 1093/ 
nar/ gkw520

 46. Tatsi C, Pankratz N, Lane J, Faucz FR, Hernandez-Ramirez LC, Keil 
M et al (2019) Large genomic aberrations in corticotropinomas are 
associated with greater aggressiveness. J Clin Endocrinol Metab 
104:1792–1801. https:// doi. org/ 10. 1210/ jc. 2018- 02164

 47. Taylor AM, Shih J, Ha G, Gao GF, Zhang X, Berger AC et al (2018) 
Genomic and functional approaches to understanding cancer ane-
uploidy. Cancer Cell 33:676–6893673. https:// doi. org/ 10. 1016/j. 
ccell. 2018. 03. 007

 48. Thiele C, Hirschfeld G (2021) cutpointr: improved estimation and 
validation of optimal cutpoints in R. J Stat Softw 98:1–27. https:// 
doi. org/ 10. 18637/ jss. v098. i11

 49. Trouillas J, Roy P, Sturm N, Dantony E, Cortet-Rudelli C, Viennet 
G et al (2013) A new prognostic clinicopathological classification 
of pituitary adenomas: a multicentric case-control study of 410 
patients with 8 years post-operative follow-up. Acta Neuropathol 
126:123–135. https:// doi. org/ 10. 1007/ s00401- 013- 1084-y

 50. Uzilov AV, Taik P, Cheesman KC, Javanmard P, Ying K, Roehnelt 
A et al (2021) USP8 and TP53 drivers are associated with CNV in 
a corticotroph adenoma cohort enriched for aggressive tumors. J 
Clin Endocrinol Metab 106:826–842. https:// doi. org/ 10. 1210/ cli-
nem/ dgaa8 53

 51. Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, 
Levy-Moonshine A et al (2013) From FastQ data to high confidence 
variant calls: the Genome Analysis Toolkit best practices pipeline. 
Curr Protoc Bioinformatics 43:11.10.1-11.10.33. https:// doi. org/ 10. 
1002/ 04712 50953. bi111 0s43

 52. Villa C, Baussart B, Assie G, Raverot G, Roncaroli F (2023) The 
World Health Organization classifications of pituitary neuroendo-
crine tumours: a clinico-pathological appraisal. Endocr Relat Cancer 
30:e230021. https:// doi. org/ 10. 1530/ ERC- 23- 0021

 53. Zehir A, Benayed R, Shah RH, Syed A, Middha S, Kim HR et al 
(2017) Mutational landscape of metastatic cancer revealed from pro-
spective clinical sequencing of 10,000 patients. Nat Med 23:703–
713. https:// doi. org/ 10. 1038/ nm. 4333

 54. Zheng S, Cherniack AD, Dewal N, Moffitt RA, Danilova L, Murray 
BA et al (2016) Comprehensive pan-genomic characterization of 
adrenocortical carcinoma. Cancer Cell 29:723–736. https:// doi. org/ 
10. 1016/j. ccell. 2016. 04. 002

 55. Ziegler J, Hechtman J, Ptashkin R, Jayakumaran G, Middha S, 
Chavan SS, Vanderbilt C, DeLair D, Casanova J, Shia J et al (2020) 
MiMSI—a deep multiple instance learning framework improves 
microsatellite instability detection from tumor next-generation 
sequencing. bioRxiv. https:// doi. org/ 10. 1101/ 2020. 09. 16. 299925

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41592-018-0051-x
https://doi.org/10.1038/s41592-018-0051-x
https://doi.org/10.1038/340692a0
https://doi.org/10.1186/s40478-020-01067-5
https://doi.org/10.1038/s41525-018-0058-3
https://doi.org/10.1038/s41467-020-16052-8
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1210/clinem/dgaa649
https://doi.org/10.1007/s11102-023-01340-5
https://doi.org/10.1210/jc.2018-01347
https://doi.org/10.1210/jendso/bvab133
https://doi.org/10.1136/jitc-2020-001532
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1007/s12022-017-9498-z
https://doi.org/10.1007/s12022-017-9498-z
https://doi.org/10.1016/j.ccell.2019.11.002
https://doi.org/10.1016/j.ccell.2019.11.002
https://doi.org/10.1186/s40478-022-01437-1
https://doi.org/10.1007/s11102-009-0194-y
https://doi.org/10.1530/EJE-17-0796
https://doi.org/10.1530/EJE-17-0796
https://doi.org/10.1210/jc.2017-00773
https://doi.org/10.1210/jc.2017-00773
https://doi.org/10.1038/nature21063
https://doi.org/10.1227/neu.0000000000002024
https://doi.org/10.1227/neu.0000000000002024
https://doi.org/10.1093/nar/gkw520
https://doi.org/10.1093/nar/gkw520
https://doi.org/10.1210/jc.2018-02164
https://doi.org/10.1016/j.ccell.2018.03.007
https://doi.org/10.1016/j.ccell.2018.03.007
https://doi.org/10.18637/jss.v098.i11
https://doi.org/10.18637/jss.v098.i11
https://doi.org/10.1007/s00401-013-1084-y
https://doi.org/10.1210/clinem/dgaa853
https://doi.org/10.1210/clinem/dgaa853
https://doi.org/10.1002/0471250953.bi1110s43
https://doi.org/10.1002/0471250953.bi1110s43
https://doi.org/10.1530/ERC-23-0021
https://doi.org/10.1038/nm.4333
https://doi.org/10.1016/j.ccell.2016.04.002
https://doi.org/10.1016/j.ccell.2016.04.002
https://doi.org/10.1101/2020.09.16.299925


Acta Neuropathologica          (2024) 147:85  Page 15 of 15    85 

Authors and Affiliations

Andrew L. Lin1,2,3 · Vasilisa A. Rudneva4 · Allison L. Richards4 · Yanming Zhang5 · Hyung Jun Woo4 · Marc Cohen1,3,6 · 
Jamie Tisnado7 · Nazanin Majd8 · Sharon L. Wardlaw9 · Gabrielle Page‑Wilson9 · Soma Sengupta10 · Frances Chow11 · 
Bernard Goichot12 · Byram H. Ozer13 · Jorg Dietrich14 · Lisa Nachtigall15 · Arati Desai16 · Tina Alano4 · 
Shahiba Ogilive1 · David B. Solit4,17 · Tejus A. Bale5 · Marc Rosenblum5 · Mark T. A. Donoghue4 · Eliza B. Geer1,3,17 · 
Viviane Tabar1,3

 * Mark T. A. Donoghue 
 donoghum@mskcc.org

 * Eliza B. Geer 
 geere@mskcc.org

1 Department of Neurosurgery, Memorial Sloan Kettering 
Cancer Center, 1275 York Avenue, New York, NY 10065, 
USA

2 Department of Neurology, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

3 Multidisciplinary Pituitary and Skull Base Tumor Center, 
Memorial Sloan Kettering Cancer Center, New York, NY, 
USA

4 Marie-Josée and Henry R. Kravis Center for Molecular 
Oncology, Memorial Sloan Kettering Cancer Center, 
New York, NY, USA

5 Department of Pathology and Laboratory Medicine, 
Memorial Sloan Kettering Cancer Center, New York, NY, 
USA

6 Department of Surgery, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

7 Department of Radiology, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA

8 Department of Neuro-Oncology, The University of Texas 
MD Anderson Cancer Center, Houston, TX, USA

9 Department of Medicine, Columbia University Irving 
Medical Center, New York, NY, USA

10 Department of Neurology and Neurosurgery, University 
of North Carolina, Chapel Hill, NC, USA

11 Department of Neurology, Keck School of Medicine 
at University of Southern California Medical Center, 
Los Angeles, CA, USA

12 Department of Endocrinology, Les Hôpitaux Universitaires 
de Strasbourg, Strasbourg, France

13 Department of Oncology, Sibley Memorial Hospital/Johns 
Hopkins, Washington, DC, USA

14 Department of Neurology, Massachusetts General Hospital, 
Boston, MA, USA

15 Department of Medicine, Massachusetts General Hospital, 
Boston, MA, USA

16 Department of Medicine, University of Pennsylvania Medical 
Center, Philadelphia, PA, USA

17 Department of Medicine, Memorial Sloan Kettering Cancer 
Center, New York, NY, USA


	Genome-wide loss of heterozygosity predicts aggressive, treatment-refractory behavior in pituitary neuroendocrine tumors
	Abstract
	Introduction
	Materials and methods
	Immunohistochemistry
	Genomic sequencing and analysis
	Formalin-fixed paraffin-embedded fluorescence in situ hybridization experiments
	Machine learning
	Statistics

	Results
	Demographics
	Landscape of recurrent somatic alterations at the gene level
	Recurrent genome-wide loss of heterozygosity in treatment-refractory PitNETs
	Random forest modeling genomic markers of future treatment-refractory behavior

	Discussion
	Acknowledgements 
	References


