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ORIGINAL ARTICLE

Aggressive Behavior in Silent Subtype Il Pituitary Adenomas
May Depend on Suppression of Local Immune Response:
A Whole Transcriptome Analysis

Timothy E. Richardson, DO, PhD, Zhong-Jian Shen, PhD, Mohammed Kanchwala, MS,
Chao Xing, PhD, Alexander Filatenkov, MD, Ping Shang, MS, Samuel Barnett, MD,
Zahidur Abedin, PhD, James S. Malter, MD, Jack M. Raisanen, MD, Dennis K. Burns, MD,
Charles L. White, MD, and Kimmo J. Hatanpaa, MD, PhD

Abstract

Silent subtype III pituitary adenomas (SS-3) are clinically non-
functional adenomas that are more aggressive in terms of invasion
and risk of recurrence than their conventional null cell counterparts.
We previously showed that these tumors can be distinguished by im-
munohistochemistry based on the identification of a markedly en-
larged and fragmented Golgi apparatus. To understand the
molecular correlates of differential aggressiveness, we performed
whole transcriptome sequencing (RNAseq) on 4 SS-3 and 4 conven-
tional null cell adenomas. The genes that were highly upregulated in
all the SS-3 adenomas included 2 secreted proteins involved in the
suppression of T-lymphocyte activity, i.e., ARG2 (multiple testing
adjusted p,gj=1.5 x 1072 and SEMA3A (Pagj=3.3 x 1073).
Highly downregulated genes in all the SS-3 adenomas included
HLA-B (pagj=3.3 X 1079, suggesting reduced antigen presentation
by the adenoma to cytotoxic T-cells. Quantitative RT-PCR of these
genes performed on the adenoma samples supported the RNAseq
results. We also found a relative decrease in the overall concentra-
tion of T-lymphocytes in the SS-3 tumors. These results suggest that
SS-3 adenomas actively suppress the immune system and raise the
possibility that they may be treatable with immune checkpoint inhib-
itors or nonspecific cancer immunotherapies.
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INTRODUCTION

First identified and characterized ultrastructurally in the
1980’s, silent subtype III pituitary adenomas (SS-3) account
for <2% of all pituitary adenomas (1, 2). It has recently been
suggested that these tumors represent a poorly differentiated
member of the Pit-1 family of pituitary adenomas, which
includes growth hormone (GH)-, thyroid stimulating hormone
(TSH)-, and prolactin (PRL)-secreting adenomas (3). These
SS-3 adenomas have been shown to be significantly more ag-
gressive than their more indolent null cell (NC) counterparts
in terms of frequency of recurrence and invasion into bone or
into the surrounding cavernous sinus (2, 4-8). Classically, SS-
3 was differentiated from conventional null cell adenomas
only by electron microscopy findings, most importantly an en-
larged and multicentric Golgi apparatus, similar to that seen in
hormone-producing adenomas, in the setting of a nonfunc-
tional adenoma (1, 2, 5). We have recently shown that the di-
agnosis can be made by visualizing the enlarged and tortuous
Golgi apparatus with an immunohistochemical stain specific
to the Golgi apparatus, GLG-1/MG-160 (4). The enlarged
Golgi apparatus raises the possibility that these tumor cells are
producing a yet unknown secreted gene product that could po-
tentially be contributing to the increased aggressive behavior
attributed to SS-3 adenomas or be used as a biomarker for di-
agnosis and/or prognosis.

We evaluated a small cohort of SS-3 adenomas com-
pared them to a group of conventional null cell adenomas by
whole-transcriptome sequencing to search for upregulated or
downregulated gene products, focusing on cancer-related pro-
teins and secreted proteins. In this study, the SS-3 pituitary
adenomas showed a marked increase of the level of mRNA of
secreted gene products linked to immunosuppression and T-
cell regulation including ARG2 and SEMA3A, as well as a
marked decrease of HLA-B expression relative to a
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conventional null cell pituitary adenoma control group. The
alterations in the expression of all 3 of these genes have been
linked to worse outcomes in other types of tumors (9—14). These
data could partially explain the increased aggressiveness seen
with the SS-3 subtype as well as provide additional therapeutic
options targeting these immunomodulatory proteins (2, 4, 5).

MATERIALS AND METHODS

Case Selection and Clinical Review

We identified 4 cases with the diagnosis silent subtype
IIT pituitary adenoma using a SNOMED database search at our
institution. This diagnosis had been made at the time of the
original neuropathologic work-up from 2013 to 2015 primar-
ily based on the clinical impression of a nonsecreting pituitary
tumor combined with the pathology finding of a markedly en-
larged Golgi apparatus, as identified by GLG-1/MG-160 im-
munohistochemistry in the absence of any significant immu-
noreactivity to pituitary hormones, according to our
previously published method (4) (Supplementary Data Fig.
S1). In addition, we randomly selected 4 cases with the diag-
nosis of “null cell adenoma,” from 2013 to 2015. All available
clinical history, physical examination findings, imaging
results, laboratory results, operative reports, pathology find-
ings, and subsequent follow-up encounters were reviewed and
relevant data are reported in Table 1. The study was performed
in accordance with a protocol approved by the Institutional
Review Board of the University of Texas Southwestern Medi-
cal Center (IRB STU 022011-081).

Immunohistochemistry

Four-pum-thick sections of formalin-fixed paraffin-em-
bedded (FFPE) tissue underwent heat-induced epitope re-
trieval using CC1 (Ventana Medical Systems, Inc., Tucson,
AZ), a tris-based buffer at an 8-8.5 pH followed by immuno-
histochemical staining with the polyclonal rabbit antibody
antiMG-160 (GLG-1) (Sigma Life Science Prestige Antibod-
ies, St. Louis, MO), on either the Ventana Benchmark XT or
Ventana Benchmark Ultra automated stainer, using Ventana
UltraView Universal DAB Detection Kit. Similar immunos-
taining was also performed using mouse monoclonal antisy-
naptophysin (Ventana), rabbit polyclonal antiPRL (Ventana),
rabbit polyclonal antiadrenocorticotrophic hormone ([ACTH]
Ventana), rabbit polyclonal antiGH (Ventana), mouse mono-
clonal antiTSH (Dako North America, Inc., Carpinteria, CA),
mouse monoclonal antifollicle stimulating hormone (Ven-
tana), mouse monoclonal antiluteinizing hormone (Dako),
mouse monoclonal antiKi-67 (Dako), and rabbit monoclonal
antiCD3 (Ventana) antibodies. The Ki-67/MIB-1 labeling in-
dices were quantified using a Glasgow cell counting graticule
at 400x magnification (15).

RNA Purification From Paraffin Sections
Formalin-fixed, paraffin-embedded tissue blocks were

sectioned at a thickness of 10 um. Freshly cut sections were

placed in 2mL microcentrifuge tubes and deparaffinized by

vortexing in xylene, followed by centrifugation. The xylene
was removed and the sections were washed in 100% molecular
biology-grade ethanol. The residual ethanol was removed by
evaporation. The RNA was then purified with an RNeasy
FFPE RNA extraction kit (QIAGEN, Redwood City, CA, Cat.
No. 73504), according the manufacturer’s protocol.

Whole Transcriptome Sequencing and Analysis

Library Preparation: RNA was purified from 10 FFPE
sections per case as described above. cDNA libraries were con-
structed using Ion Ampliseq Transcriptome Human Gene Ex-
pression Kit (Life Technologies, Carlsbad, CA, Cat. No.
A26325) and the manufacturer’s recommended protocol.
Briefly, 100ng of total RNA was reverse transcribed at 42 °C
for 30 minutes. After reverse transcription, the cDNA was am-
plified by PCR using Ion Ampliseq Transcriptome Human
Gene Expression Core Panel primers that amplified the specific
targets (Step 1: 99°C for 2minutes; Step 2: 99°C for
15 seconds, 60 °C for 16 minutes for 16 cycles; Step 3: Hold at
10°C). Next, the primers were partially digested as directed.
Following the partial digestion of primers, adapters and bar
codes were ligated to the cDNA. The cDNA was purified
using AMPure XP reagent and recommended protocol. The
purified cDNA libraries were amplified by PCR using 1X
Library Amp Mix and 2 pL of 25X Library Amp Primers
with the conditions as follows: Step 1: 98 °C for 2 minutes;
Step 2: 98 °C for 15 seconds, 64 °C for 1 minute; Steps 2-3
for 5 cycles. The amplified cDNA libraries were purified us-
ing Nucleic Acid binding beads, binding buffers and run on
Agilent 2100 Bioanalyzer to determine the yield and size
distribution of each library.

Templating, Enrichment, and Sequencing: Approxi-
mately 100pM of pooled barcoded libraries were used for
templating using Life Technologies Ion PI"™ Hi-Q™
OT2200 Kit (Cat. No. A26434) and manufacturers recom-
mended protocol. One hundred pM of pooled libraries were
combined and 25 pl of each sample was loaded onto the Ion
Chef. The Ton Chef templates, enriches, and loads the sample
onto a P1 chip, and then after 15 hours the Chef pauses so that
QC can be performed on the unenriched samples. After the
pause, the beads were isolated and quality assessment was per-
formed on Qubid instrument to determine the percent of beads
that were polyclonal. After polyclonal assessment, the Ion
Chef resumed running and loaded the samples onto a P1 chip.
The loaded chip was then placed into an Ion Proton sequencer
and the run was started using an lon torrent Ampliseq tran-
scriptome run plan that was configured based on type of li-
brary, species, number of run flows required, type of plug-in
required, adapter-trimming as well as other parameters spe-
cific to the Ampliseq transcriptome run.

Alignment and Data Analysis: Fastq files were checked
for quality using fastqc v0.11.2 (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc) and fastq screen v0.4.4
(http://www.bioinformatics.babraham.ac.uk/projects/fastq_
screen) and were quality trimmed using fastq-mcf (ea-utils/
1.1.2-806) (16). Trimmed fastq files were mapped to
hg19 (UCSC version from iGenomes) using TopHat (17);

875

¥20¢ Iudy 0z uo 1senb Aq £¥6£601/77.8/01/9. /819 e/usul/WOo dno-ojwapeoe//:sdiy wolj papeojumoq


Deleted Text: M
Deleted Text: M
Deleted Text: -
Deleted Text: -
Deleted Text: &quot;
Deleted Text: &quot;
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: x
Deleted Text: -
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen
http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen

| Neuropathol Exp Neurol  Volume 76, Number 10, October 2017

Richardson et al

Downloaded from https://academic.oup.com/jnen/article/76/10/874/4093943 by guest on 20 April 2024

snuis sno

HSO

unoejord -UIDAED 1JO] 3y} OJUT FUIpeAUT 18 €10T ‘TI0T ‘110C
(sypuow AdH 01 1od stis  pue HO 10j oanisod SSeul Je[[os Suroueyua A[Snoau :sewoudpe Areymiid jo
JB) 90UALINOAI ON €-SS  -OMw [ ‘94G6°¢ (-GN S[[d Jouwn] JO 9,G°() SONI[EWIOUqE ON -oowoy WO §'7 X ()°C X €€ Su0r0asar snoraald dary], SeIN 9T 8
QAISEAUTUOU
(syuow g1 AdH 01 1od sos A10)SIy JUQN)  ‘SSBUI JB[[AS Suroueyua A[Snoau QU019)$0]$9)
JB) 9OUALINOAI ON €-SS  -0NuW (%% 1°7 :T-9IIN oanedoN  -ed £q I, pasearoo -9301019 WO G X G X [T MOJ JO AIOISTH SRIN 09 L
Kdeioy)
UOTJBIPEI {Q0ULIND
-o1 Juonbosqns uayy SoSNUIS SNO
I91e] sypuowr 9K -UIQAED [BIQJR[IQ OJUl SUIpBAUL
-133.1ns jeadar fxow AdH 01 1od sos Sseul Je[[os Surouryua A[Snoau eisdouerwoy
-1} [eNPISAI/JUALINIDY €-SS  -0NW (:%G°7 :T-dIIN EINSLHEING SoNI[EUWLIOUqE ON -ofowoy WD G X 69 X 69 [elodwalq Jo IBAQUQ  QRWD] 79 9
(oJIuy199LD) snuis
Kderoy) uone unoeoxd SNOUIAAED }JO[ OJul SUIpeAUL HSO 1®
-1per (1edk T urgiim AdH 071 1od sas 103 oAnyIsod ssew Te[[os Suroueyuo A[snoou GO Ul UOT}OISAI BWOU
[enpISaI/JURLINIY €-SS -ONW () (%97 ([-dIIN  S[[90 Jown) JO %[0 SonI[eWIouqe ON -o8owoy WO Q[ X 9] X $'C -ope Areyimyid fejoyqng  orewe [ S
QAISEAUTUOU
(sypuowr g AdH 01 1od sas HT 1oj oAnL {SSEUIL JR[[9S SUIOURYUD A[SNOJU S9oURQINISIP
JB) 90UALINOAION  [[9O [[AN -OJIUI () {04,G°() :[-IIN -sod S[[9d Iown) Jo 97 SONI[EULIOUqE ON -efowoy wo /'] X 61 X 0T [ensIA Jo A10ISTH JRIN €L ¥
QAISEAUTUOU
(syjuow g1 AdH 071 1od sas fSSEW Je[[os Suroueyuo A[Snosu sayoepeay
J8) 90UQLINOAI ON  [[QO [[AN  -OMW (%60 : [-9IIN EINSLHEING SonI[eWIoUqe ON -oowoy WO Q'] X §'1 X 6'] Juaysisiad Jo K103STH JRIN €9 ¢
QAISEAUTUOU
(syyuowr g1 AdH 01 1od sas A10)51Y JUQT) SSBUI JR[[OS SUTOURYUD Te| QUOIA}S0]$3) MO[ JO
JB) QOUALINOAI ON  [[@d [[NN  -ONWI () %€ T :T-TIA oAneSoN  -ed AQ I, pesee1od(  -npou/ons o wo g X 9°7 X 1°¢ Ar01s1y pue erwoneuodAH RIN bt z
HSA 103 QAISEAUTUOU BUIOUdpE
(syjuowt 7 AdH 01 12d sas  aanisod s[[ed towny {SSBW TR[[2S SUIOURYUR J1ISAD Areymnyid Surmors
JB) QUALIMOAI ON  [[J [[NN  -OIW () %9°0 :[-GIIN  JO %/, A[rewnrxoiddy SONI[EWIOUqE ON  /PI[OS PAXTW WO §°¢C X ['f X 9°C  A[MO[S JO AIOISIY Jeok XIS o[ewd /9 I
wodnQ sisousel( Xopuj dAneadjiodd  AJAIIBIIOUNUIUI] S[9A9"] QUOULIOF] SurSewry £10)SIH JIpudn) ajy juaneq

ere@ dn-mojjo4 Jusnbasqng sy [[9AA SV ‘sbulpul4 A1ojeioqe pue dibojoipey ‘|ediuld JueA3|RY aY) Jo Alewwing *| 319VL

876



J Neuropathol Exp Neurol ® Volume 76, Number 10, October 2017

Silent Subtype Ill Transcriptome Analysis

duplicates were marked using picard-tools (v1.127 https://
broadinstitute.github.io/picard/); read counts were generated
using featureCounts (18); and differential expression analysis
was performed using edgeR (19). Differentially expressed
gene heat maps were clustered by hierarchical clustering using
R (http://www.R-project.org) (Fig. 1).

Quantitative RT-PCR Confirmation of Whole
Transcriptome Sequencing Results

RNA was purified from two 10-um FFPE sections
from each case as described above. cDNA Quantitative PCR
was performed with a SYBR PCR master mix with the primers
purchased from OriGene Technologies, Inc. (Rockville, MD).
ARG2 forward sequence: 5-CTGGCTTGATGAAAA
GGCTCTCC-3'; reverse sequence: 5'-TGAGCGTGGATTCA
CTATCAGGT-3'. HLA-B forward sequence: 5-CTGCTGT
GATGTGTAGGAGGAAG-3'; reverse sequence: 5'-GCTGT
GAGAGACACATCAGAGC-3'. SEMA3A forward sequence:
5-GGTGCCTTATCAAGGAAGAGTCC-3'; reverse se-
quence: 5-TACATGGCTGGATGACTTCTTGC-3'. An ABI
7500 thermocycler (Applied Biosystems, Foster City, CA)
was used for 45 cycles of PCR. ACT calculates the differences
between target CT values and the normalizer (housekeeping
genes GAPDH and B-actin) (20) for each sample: ACT =CT
(target) — CT (normalizer). The comparative AACT calculates
the differences between each sample ACT value and the base-
line ACT. The comparative expression level (fold changes)
was obtained transforming the logarithmic values to absolute
values using 2~AACT Al data from null cell pituitary adenoma
samples was normalized to fold change =1 (21).

Pathway Analysis

All genes with significant differential expression be-
tween SS-3 and NC groups (p,qj < 0.05; n=213 genes) were
used for pathway analysis with QTAGEN’s Ingenuity Pathway
Analysis tool (QIAGEN, http://www.qiagen.com/ingenuity).
The resulting full list of the 287 enriched canonical pathways
along with the p-values, gene ratios, Z-scores, and pathway
component molecules are reported in Supplementary Data
Table S1.

Relative Quantification of Lymphocytes

The relative extents of tumor infiltrating lymphocytes
(TILs) were determined by visual inspection of 5 randomly se-
lected areas of 1 antiCD3-stained section of each case from
this study, as well as 10 null cell and 10 silent subtype III cases
from our previous study (4). The following approximate
grades were designated: — (completely absent); + (rare TILs
or lymphocytes restricted to adjacent tissue); ++ (widespread
lymphocytes infiltrating into 5%-25% of the area of the tu-
mor); and +++ (lymphocytes infiltrating into >25% of the
tumor) (22).

Statistics
For RNAseq data, false discovery rate (FDR) control
procedure was performed, and the adjusted p values (p,gj)
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FIGURE 1. Heat map showing different patterns of gene
expression in SS-3 and conventional null cell adenomas. The
rows represent the most significantly upregulated and
downregulated genes. Scale bar: normalized fold change.
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FIGURE 2. Relative mRNA levels of ARG2, SEMA3A, and HLA-B between SS-3 and conventional null cell pituitary adenomas. Error

bars=1 SD. *p < 0.01.

<0.05 were considered significant. For TIL analysis, nonpara-
metric Mann—Whitney U-testing was performed (http://vassar
stats.net).

RESULTS

Clinical and Pathological Features

As previously reported, the SS-3 pituitary adenomas
generally had more invasive characteristics than the conven-
tional null cell adenomas (4). While none of the null cell cases
were invasive according to the previously established defini-
tion of invasion (8), 3 of the SS-3 tumors included herein in-
vaded into the cavernous sinuses with >50% encasement of at
least 1 cavernous internal carotid artery. In addition, while no
NC tumor showed evidence of recurrence, 2 of the SS-3
tumors subsequently recurred; and 1 patient had undergone 3
previous resections for similar pituitary adenomas before be-
ing seen at our institution. There was a significant difference
in the MIB-1 proliferative index between these 2 groups with
the NC group measuring 0.83% = 0.36% and the SS-3 group
measuring 2.68% = 0.59% (p = 0.0017). No significant differ-
ence was noted in the patient age, 61.8 £ 12.5 years and
47.3 £ 17.4years in the NC and SS-3 groups, respectively
(p =0.22). Similarly, there was no difference in tumor size be-
tween the 2 groups, (2.93 = 1.98cm and 3.68 =2.21cm in
greatest dimension in the NC and SS-3 groups, respectively,
p=0.63).

Altered Expression of Genes Related to Immune
Surveillance Mechanisms in SS-3 Pituitary
Adenomas

Compared with the conventional null cell pituitary ade-
noma group, SS-3 adenomas had significantly increased levels
of ARG2 (17.5-fold increase; p,qj= 1.5 X 107%) and SEMA3A
(64.6-fold increase; pugj=3.3 X 10~%) mRNA, as well as sig-
nificantly decreased levels of HLA-B (212-fold decrease;
Pagj=3.3 X 107%; all p-values adjusted for multi-hypothesis
testing) (Fig. 2). Of all genes identified by this method, these
genes are among the most statistically significant and among
those with the greatest fold changes (Fig. 3). These data are
consistent with observations in other tumor types where

878

similar changes have been linked with decreased T-cell
proliferation and infiltration, increased tumor growth, in-
creased lymph node and distant organ metastases, and de-
creased response to therapy. The results for the 3 genes were
confirmed by gRT-PCR analysis, normalized to [-actin
mRNA levels in each sample (p < 0.01).

Other Differences in Whole-Transcriptome
Sequencing mRNA Levels

Whole transcriptome differential expression analysis
demonstrated the following additional genes differentially
expressed at the FDR level of 0.05: a 95.6-fold increase in
GHRHR, a 60.4-fold increase in HEPACAM?2, a 64.9-fold in-
crease in GHSR, a 59.3-fold increase in GADD45G, a 33.2-
fold increase in NNAT, and a 25.7-fold increase in MET
(Fig. 1). In addition, there was a 55.6-fold decrease in LGI1, a
32.3-fold decrease in BMPS5, an 18.5-fold decrease in Emilin2,
a 13.9-fold decrease in PIK3C2G, a 11.3-fold decrease in
DIRC3, a 10.7-fold decrease in HLA-DRBI (Fig. 3), and a 5.2-
fold decrease in TAGLN.

Pathway Analysis

The pathway analysis suggests that several canonical
signaling pathways known to be associated with cellular pro-
liferation, T-lymphocyte regulation and inhibition, as well as
angiogenesis in various cancers are also activated in aggres-
sive pituitary adenomas such as SS-3 adenomas (Table 2).

Decreased Numbers of CD3-Positive
Lymphocytes in $SS-3 Tumors

We evaluated the numbers of CD3-positive TILs in
cases 1-8, as well as an additional 10 NC cases and 10 SS-3
cases from our previous cohort (4). All NC and the majority of
SS-3 cases had some lymphocytes in the tumor and in the tis-
sue surrounding the tumor, which suggests that the adenomas
can elicit a T-cell response. The SS-3 cases had absent to rare
T-cells sparsely scattered through the tissue, while there were
variably increased T-cell numbers in the null cell tumors (Fig. 4;
Table 3). There was a significant difference between the SS-3
and NC groups in terms of TIL numbers by Mann—Whitney
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FIGURE 3. Volcano plot demonstrating genes with markedly different levels of expression between the 2 groups, with genes of
interest highlighted by red labeling (confirmed by gRT-PCR) and blue labeling (qQRT-PCR not performed).

U-test (p=0.006), supporting our hypothesis that SS-3
adenomas may inhibit T-cell response in the tumor
microenvironment.

DISCUSSION

Having previously confirmed the significantly worse
prognosis associated with SS-3 adenomas compared with con-
ventional null cell adenomas (4), we performed RNAseq on a
subset of our SS-3 adenoma cases to identify genes that could
potentially explain this difference in outcome. RNAseq dem-
onstrated a clear difference in overall RNA expression profiles
between the 2 tumor types (Fig. 1) and identified a number of
genes that could be involved with aggressive behavior in SS-3
adenomas. Notably, ARG2 and SEMA3A, both of which are
involved in the regulation of T-cell proliferation and function
within the tumor microenvironment (9, 11, 12, 14, 23-25),
were markedly increased in all of the SS-3 adenomas (Figs. 2
and 3). These genes and others identified by our analysis are
involved in a number of altered genetic pathways including
cellular proliferation, angiogenesis, and local T-cell immune
response regulation in other cancers (Table 2). Because drugs

targeting the components of these pathways are already avail-
able or in clinical trials, our results raise the possibility that
these drugs may prove to be effective in some patients with in-
vasive SS-3 adenomas. It should be kept in mind that this type
of canonical pathway analysis does not necessarily detect all
relevant signaling pathways, and genetic and epigenetic altera-
tions such as the methylation profile at the genomic level
would not be captured by this pathway analysis. In addition,
subsequent immunohistochemical staining for CD3 demon-
strated a smaller number of tumor infiltrating lymphocytes in
the SS-3 group versus the NC group (Fig. 4; Table 3), which
may reflect the differential expression of T-cell influencing
genes.

Methods by which tumor cells escape from or actively
suppress immune surveillance are active areas of investigation
(26). This process has been divided into 3 phases: elimination,
in which the immune system is able to recognize and eliminate
tumor or pretumor cells; equilibrium, in which the immune
system is able to prevent the tumor from growing or metasta-
sizing; and escape, in which the tumor cells have developed
mechanisms for evading the immune system and the tumor is
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TABLE 2. Most Significant (p < 0.01; Adjusted for Multiple Comparisons) Canonical Pathway Alterations Identified Between SS-3

and NC Tumor Groups

Pathway Pathway Name* Pathway Member Genes Altered in SS-3 Tumors p-value** Z-score

1 p53 Signaling SNAI2,GADD45G,PIK3R1,PLAGL1,PIK3C2G ,FGFR2 SERPINE2 6.76E-05  Increased

2 Nitric Oxide Signaling in the VEGFA,FLT1 PIK3R1,PIK3C2G ,FGFR2,ARG2,PDEIC 7.59E-05  Decreased
Cardiovascular System

3 VEGF Family Ligand-Receptor Interactions VEGFA,FLTI PIK3R1,PIK3C2G FGFR2,PLA2G2A 0.00015 Decreased

4 3-phosphoinositide Biosynthesis MET,TNS3,PIK3R1,PIK3C2G ,FGFR2,EY A4,PPFIA2,DUSP2 0.00047 Undefined***

5 Relaxin Signaling VEGFA,PIK3R1,PIK3C2G ,FGFR2,ADCYS8,PDE6B,PDEIC 0.00051 Decreased

6 eNOS Signaling VEGFAFLT1 PIK3R1,PIK3C2G ,FGFR2,ADCY8,ESR! 0.00085 Decreased

7 Axonal Guidance Signaling MET.,VEGFA,SEMA3A ,PAPPA,EPHAS PIK3R1, 0.00087 Undefined

UNCS5B,PIK3C2G ,FGFR2 HHIP,ROBO2,BMP5
8 G-Protein Coupled Receptor Signaling MC3R,PIK3R1,CNR1,PIK3C2G FGFR2,ADCYS8, 0.00087 Undefined
AVPRI1B,PDE6B,PDEIC

9 Renal Cell Carcinoma Signaling MET,VEGFA,PIK3R1,PIK3C2G ,FGFR2 0.00093 Undefined

10 Leptin Signaling in Obesity PIK3R1,PIK3C2G,GHSR,FGFR2,ADCY8 0.0011 Undefined

11 Arginine Degradation VI ARG2,PYCR1 0.0012 Undefined
(Arginase 2 Pathway)

12 IL-4 Signaling HLA-DRB1 PIK3R1.HLA-B.PIK3C2G ,FGFR2 0.0013 Undefined

20 iCOS-iCOSL Signaling in T Helper Cells HLA-DRBI1,PIK3R1,HLA-B,PIK3C2G,FGFR2 0.0069 Decreased

28 Role of NFAT in Regulation of HLA-DRBI1 PIK3R1,HLA-B,PIK3C2G,FGFR2,RCAN2 0.0069 Decreased
the Immune Response

29 CD28 Signaling in T Helper Cells HLA-DRB1 PIK3R1.HLA-B,PIK3C2G ,FGFR2 0.0071 Undefined

30 PKCO0 Signaling in T Lymphocytes HLA-DRB1 PIK3R1.HLA-B ,PIK3C2G ,FGFR2 0.0072 Decreased

32 Th1 Pathway HLA-DRBI1 PIK3R1,HLA-B,PIK3C2G ,FGFR2 0.0078 Decreased

Bold = increased,; italic = decreased; underlined = genes involved in genetic pathways including cellular proliferation, angiogenesis, and local T-cell immune response regulation

in other cancers.

*Pathway names are derived from their originally identified functions and do not necessarily correspond to their function in these adenomas.

*##p-values corrected for multiple comparisons.

##kModeling was able to predict gene associations but not overall pathway direction.

able to expand (27, 28). A variety of different genes have been
implicated in the modulation of the tumor microenvironment
and subsequent escape from T-cell mediated immunosurveil-
lance in a variety of different tumors, including melanoma,
multiple myeloma, neuroblastoma, prostate cancer, breast can-
cer, and various sarcomas (23, 25, 26, 29, 30).

Recently, the secreted molecule arginase-II (ARG2),
which converts L-arginine to L-ornithine and urea in the final
step of the urea cycle (31), has been implicated in the inhibi-
tion of immune surveillance. It has been shown that high con-
centrations of ARG2 are often present both systemically and
in the tumor microenvironment of various cancer types, result-
ing in reduction of arginine and suppression of T-cell function.
Therefore, ARG?2 is a plausible therapeutic target, and, indeed,
arginase inhibitors have already been used clinically for other
conditions (25, 30).

Similarly, the gene product of SEMA3A, semaphorin
3 A (SEMA3A), has a potential local immunosuppressive
function in neoplastic conditions. Secreted under normal con-
ditions by T-cells as part of a negative feedback loop and aber-
rantly by some tumor cells, SEMA3A acts on neuropilin-1
(NP-1) to suppress T-cell proliferation and function, a process
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that has been positively correlated with tumor invasion and
metastasis (14). Studies have demonstrated that this
SEMA3A-NP-1 interaction blocks cytoskeleton reorganiza-
tion in T-cells and inhibits T-cell receptor signaling in vivo,
and that the inhibition of SEMA3A significantly restores
T-cell proliferation in vitro (12).

HLA class I proteins, including HLA-B, are expressed
on all nucleated cells to present antigen to circulating cyto-
toxic T-cells (10, 13). Many types of cancer cells have been
demonstrated to selectively downregulate HLA proteins (ef-
fectively hiding tumor antigens from cytotoxic T-cells) as a
strategy to avoid immune system detection (10, 13, 32-36).
Multiple studies have shown that downregulation or loss of
HLA signaling proteins on the cell surface of tumor cells is as-
sociated with a significantly worse outcome in a wide variety
of cancer types (10, 33, 37).

By depleting the local environment of arginine needed
for T-cell function and preventing T-cell proliferation and sig-
naling through interaction with NP-1, respectively, ARG2 and
SEMA3A act to inhibit the function of adjacent T-cells. By
downregulating HLA-B, the tumor cells may also be able to
avoid detection by any cytotoxic T-cells present (10, 13).
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FIGURE 4. Immunohistochemistry for CD3 in cases of null cell pituitary adenomas demonstrating +++ (A, B) and ++ (C)
tumor infiltrating lymphocyte (TIL) levels in null cell cases and + TIL levels in a silent subtype Il case (D). Magnifications: A, B,
D =40x; €=100x. Scale bars: 200 um.

TABLE 3. Relative Quantification of CD3+ Lymphocytes

Null Cell Cases

Silent-Subtype III Cases

Patient CD3+ Lymphocytes Patient CD3+ Lymphocytes
1 +++ 5 +

2 ++ 6 -

3 + 7 +

4 ++ 8 +
Additional Null Cell Cases Additional SS-3 Cases
Al + All —

A2 ++ Al2 +
A3 ++ Al3 ++
A4 + Al4 +
A5 +++ Al5 —

A6 ++ Al6 +

A7 + Al7 ++
A8 + Al18 +

A9 +++ Al9 —
A10 ++ A20 -

The altered levels of these 3 gene products may act synergisti-
cally at multiple levels of the cell mediated immune response
to suppress the proliferation, metabolic activity, and function
of T-cells, allowing the tumor to escape the immune surveil-
lance pathway and grow unchecked in a manner unavailable
to conventional null cell adenomas (27, 28, 38). Our qualita-
tive finding that there is a generalized decrease in infiltrating
T-cells in the SS-3 group seems to support the hypothesis that
the altered mRNA levels of ARG2, SEMA3A, and HLA-B may
act to inhibit T-cell presence and activity within these tumors.
ARG?2 and SEMA3A are potentially targetable molecules, as
inhibitors are currently being investigated in in vivo and
in vitro studies (12, 30) and could allow for normalization of
T-cell proliferation and activity.

This study is also a further validation of our previously
described method for differentiating SS-3 adenomas from con-
ventional null cell adenomas using GLG-1 immunohistochem-
istry (4) (Supplementary Data Fig. S1), as it demonstrates that
there is indeed a qualitative and quantitative difference in
mRNA expression patterns between these 2 tumor types
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(Figs. 1-3) and suggests a potential mechanism for increased
aggressiveness in the SS-3 cohort. However, it is unclear if the
increased production of these mRNA species in SS-3 com-
pared with NC adenomas fully explains the enlargement and
fragmentation of the Golgi apparatus in SS-3 adenomas.

In conclusion, this RNA analysis suggests a potentially
targetable mechanism for the previously observed aggressive
behavior of SS-3 adenomas (2, 4, 5). By downregulating the
expression of antigen-presenting molecules and upregulating
the expression of secreted proteins that inhibit the metabolism,
function, and proliferation of local cytotoxic T-cells, these
tumors can escape from immune surveillance and thus may
grow more rapidly and recur more frequently.
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