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The roles in brain development. Previous studies have
shown the association between OTX2 and OTX1 with
anaplastic and desmoplastic medulloblastomas, re-
spectively. Here, we investigated OTX1 and OTX2
expression in Non-Hodgkin Lymphoma (NHL) and
multiple myeloma. A combination of semiquantita-
tive RT-PCR, Western blot, and immunohistochemi-
cal analyses was used to measure OTX1 and OTX2
levels in normal lymphoid tissues and in 184 tumor
specimens representative of various forms of NHL
and multiple myeloma. OTX1 expression was acti-
vated in 94% of diffuse large B-cell lymphomas, in all
Burkitt lymphomas, and in 90% of high-grade follic-
ular lymphomas. OTX1 was undetectable in precur-
sor-B lymphoblastic lymphoma, chronic lymphocytic
leukemia, and in most marginal zone and mantle cell
lymphomas and multiple myeloma. OTX2 was unde-
tectable in all analyzed malignancies. Analysis of
OTX1 expression in normal lymphoid tissues identi-
fied a subset of resting germinal center (GC) B cells
lacking PAX5 and BCL6 and expressing cytoplasmic
IgG and syndecan. About 50% of OTX1* GC B cells
co-expressed CD10 and CD20. This study identifies

OTX1 as a molecular marker for high-grade GC-
derived NHL and suggests an involvement of this
transcription factor in B-cell lymphomagenesis.
Furthermore, OTX1 expression in a subset of nor-
mal GC B cells carrying plasma cell markers sug-
gests its possible contribution to terminal B-cell
differentiation. (4m J Patbol 2009, 175:2609-2617: DOI:
10.2353/ajpath.2009.090542)

Fn1Growing evidence indicates that molecular mecha-
nisms controlling cell-growth, differentiation, and cell-
death are frequently recruited in different body organs
and operate during embryonic development and postna-
tal life. Abnormal functioning of these mechanisms is
frequently associated with or responsible for multiple dis-
eases including cancer.”? This has suggested that mis-
patterning and/or abnormal positional information may be
functionally involved in the initiation and/or maintenance
of tumorigenesis. Several signaling pathways (eg, the
SHH, WNT, and BMP pathways) and transcription factors
(eg, GLI, RB, PAX, and HOX genes) have been implicated
in various cancers.®© OTX1 and OTX2 are transcription
factors containing a bicoid-like homeodomain and repre-
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sent the vertebrate homologoues of the Drosophila ortho-
denticle gene. In mice, OTXT and OTX2 genes are re-
quired for specification, maintenance, and patterning of
forebrain and midbrain as well as for neuronal differenti-
ation.”® Both genes are also required in the visual and
acoustic sense organ development and OTX7 for corti-
cogenesis, transient control of pituitary levels of GH, FSH,
and LH hormones.”® In the hematopoietic system, OTX1
is required for the development of the erythroid compart-
ment.’® Recently, it has been reported that, in humans,
the OTX2 gene is amplified in a relevant percentage
(20%) of primary anaplastic medulloblastomas and ex-
pressed at high levels in most of them, suggesting that it
may represent a medulloblastoma oncogene.'"'? Simi-
larly, OTX17 is overexpressed in medulloblastomas of the
nodular/desmoplastic subtype.’™® OTX7 and OTX2 ex-
pression was not detected in other brain tumors including
astrocytomas, glioblastomas, oligodendrogliomas, me-
ningiomas, ependymomas, or in several tumors of non-
neural origin affecting breast, thyroid, prostate, liver,
lung, stomach, pancreas, kidney, and colon (data not
shown).""'3 Here, we investigated the expression of
OTX1 and OTX2 in B-cell Non-Hodgkin Lymphoma (NHL).
These tumors represent an heterogeneous group of ma-
lignancies arising from mature B-cells recruited in germi-
nal centers (GCs) of secondary lymphoid organs during a
T-cell dependent immune response.'*' Our results
demonstrate that OTX7 but not OTX2, is constitutively ex-
pressed in specific subsets of B-cell NHL. The concurrent
analysis of a panel of nonmalignant cells and tissues of the
hematopoietic system indicates that OTX7 is expressed in a
minor subset of GC-restricted B-cells displaying a plasma
cell phenotype. Altogether, these findings identify constitu-
tive expression of OTX7 in NHL subtypes as a transforma-
tion-associated event, while its presence in a restricted
subset of non-transformed GC B-cells suggests a potential
involvement in plasma cell differentiation.

Materials and Methods

Lymphoma Tissue Samples

For all lymphoma cases investigated, both paraffin-em-
bedded and fresh tumor samples at diagnosis were avail-
able. Cases were retrieved from tissues and nucleic acid
banks of the Pathology and Hematology-Oncology Units
of the National Cancer Institute of Naples, Fondazione
Pascale. According to local institutional guidelines, all
patients provided informed consent to use biological ma-
terial obtained during diagnostic procedures for preclin-
ical investigations. In addition, the Scientific Review
Board of the Istituto Nazionale Tumori, Fondazione G.
Pascale, IRCCS has approved the study here presented
(protocol DSC/2104). In selected cases, tissue samples
were obtained on biopsy of other lymphoma-involved
tissues, including mediastinal masses, rhinopharynx,
gastric mucosa, testis, and spleen. In the case of Multiple
Myeloma (MM) and B-cell Small Lymphocytic Lympho-
ma/Chronic Lymphocytic Leukemia (B-SLL/CLL), antico-
agulated bone marrow (BM) aspirates and peripheral

blood (PB) samples with more than 80% tumor cells were
used for RNA extraction. In selected MM cases, tumor
plasma cells were further processed to >95% purity by
magnetic immunoselection with anti-CD138 antibodies
and MiniMACS columns (Miltenyi Biotec; Calderara di
Reno (Bologna), Italy).'® The lymphoma cases were clas-
sified according to the current World Health Organization
classification'” and characterized by immunophenotypic
studies (TdT, CD79a, CD20, CD23, CD5, CD3, CD56,
CD43, CD30, CD34, CD15, CD45, EMA, Cyclin D1, and
Ki-67). Diffuse Large B-cell Lymphoma (DLBCL) were fur-
ther classified into GC-like and activated B-cell-like subsets
by means of CD10, BCL-2, BCL-6, MUM-1, and CD138
immunostainings.'®'° Diagnoses were integrated by detec-
tion of the t(14;18)(932;g21), t(11;14)(q13;g32), and t(11;
18)(g21;921) translocations for follicular lymphoma, mantle
cell lymphoma, and extranodal marginal zone B-cell lympho-
mas of the mucosa-associated lymphoid tissue, respectively.

Nonmalignant Lymphoid Tissue Samples and
Isolation of Normal Lymphoid Cells

Nonmalignant lymph nodes were obtained during surgi-
cal procedures for solid tumors and checked for the
absence of tumor cells by histopathology. Reactive
lymph nodes were obtained from patients with a final
histopathological and molecular (ie, absence of clonal
VDJ rearrangements) diagnosis of reactive follicular hy-
perplasia. Nonmalignant tonsil tissues were obtained
from adult patients undergoing tonsillectomy. Mononu-
clear cells from PB of healthy donors (n = 10) and from
single-cell suspension of tonsil tissues (n = 4) were iso-
lated by centrifugation on a Ficoll-Hypaque gradient and
further purified by sequential direct immunomagnetic se-
lection (Miltenyi system) over MiniMACS columns in the
following cell fractions: CD3™" (T cells); CD19™" (B cells);
and CD37/CD19~ (non-T cells and non-B cells).’®

Isolation of GC B-Cell Subsets

The purification of GC centroblasts (CBs) and centro-
cytes (CCs) was based on differential CD77 expres-
sion by using the MidiMACS magnetic sorting system
(Miltenyi Biotec), as previously described.?® Staining
for the GC-specific marker BCL-6 confirmed the ex-
pression of the transcriptional repressor in over 80% of
purified CBs and CCs.

RT-PCR Analysis for OTX1, OTX2, BCLE,
and PAX5

Total RNA was extracted with Trizol and treated with
superscript Il Rnase H™ reverse transcriptase. For RT-
PCR analysis, calibration experiments were performed to
determine optimal nonsaturating PCR conditions for each
pair of primers. We tested amplification at 25, 27, 29, and
31 cycles and found best conditions at 29 cycles for
OTX1, 27 for BCL6 and PAX5, and 23 cycles for B-ACTIN.
As for OTX2, we used saturating conditions (32 cycles) to
detect also low levels of mRNA. A human medulloblas-



toma cDNA sample was used as a positive control in
RT-PCR experiments.

Primer sequences and length of amplified products
are as follows (forward and reverse primers), respec-
tively: OTX7 (5'-AGACGCATCAGACCCTGAAGGACT-3’,
5"-CCAGACCTGGACTCTAGACTC-3" 355 bp); OTX2
(5'-GTACCCCCGATTTGGGCCGACT-3', 5'-ATCTAGCT-
GCGCCCGAGTGAAC3'-198 bp); PAX5 (5'-CCAGAG-
GATAGTGGAACTTGCTC-3', 5'-GCTAGGCACGGTGT-
CATTGTCAC-3' 280 bp); BCLE (5'-GAGCATGTTGT-
GGACACTTGCCG-3', 5'-GACATCCCGAAACTCCTC-
ATCG-3' 296 bp); and B-ACTIN (5'-CCAGGTCATCACC-
ATTGGCAATG-3', 5'-GCTGATCCACATCTGCTGGAA-
GGT-3', 340 bp).

Structural Analysis of OTX1 Gene in Malignant Cells

To assess the integrity of the OTX7 coding sequence, we
amplified the gene in two independent reactions span-
ning together the entire coding region plus flankings and
overlapping by 112 bp. The 5’ region (from 82 bp up-
stream of methionine to aa 207) was amplified by using
the following primers: forward primer, 5'-AGACGCATCA-
GACCCTGAAGGACT-3', reverse primer, 5’-CTGCATA-
CACGAGGTGTTGCTAGG-3'. The 3' region (from aa 171
to 39 bp downstream of the stop codon) was amplified
by using the following primers: forward primer, 5'-AC-
CAGCTGCCTCATCTATCTGGAG-3', reverse primer, 5'-
GCAGGTAGTTGCGTTTCTTCTCCTC-3'. A subcloned OTX7
full-length cDNA fragment was used as template to gen-
erate PCR fragments of control size.

To assess abnormality in OTX7 gene copy number, we
analyzed by real time-quantitative PCR DNAs extracted
from 15 cases of DLBCL and 8 cases of SLL/CLL. Real
time-quantitative PCRs to assess the OTX7 gene copy
number were performed on the ABI/Prism 7700 sequence
detector (Applied Biosystems, Monza, ltaly) platform, by the
Sybr Green | dye methodology. For OTX1, forward primer:
5'-TAACCCTACGCCCTCCTCTTCCTACT-3'; reverse primer:
5'-AAGCAGTCGGCAGAGTTGAAGGCAAG-3'. To nor-
malize the DNA amount, a simultaneous RT-quantitative
PCR for the ALBUMIN gene was run in duplicate. For
ALBUMIN, forward primer: 5'-TGAAACATACGTTC-
CCAAAGAGCCT-3'; reverse primer: 5'-CTCTCCTTCT-
CAGAAAGTGTGC-3'. For quantitation, the ratio between
the cycle threshold (CT) of OTX7 and the CT of ALBUMIN
from each tumor sample was compared with the ratio
between the CT of OTX7 and the CT of the ALBUMIN
derived from the analysis of the DNA calibrator.

Immunohistochemistry, Western Blot Analysis,
and Cell Counting of OTX1™ Cells

The mouse primary antibodies and dilution used are as
follows: anti-PAX5 (BD, Biosciences Pharmingen San Di-
ego, CA) 1:100; anti-CD20 (Dako Glostrup, Denmark)
1:400; anti-CD34 (Dako) 1:50; anti-BCL6 (Dako) 1:50;
anti-CD68 (Abcam, Cambridge, UK) 1:300; anti-CD7
(Dako) 1:25; anti-CD45 (Dako) 1:100; anti-CD138 (Dako)
1:300; anti-CD3 (Dako) 1:200; anti-CD10 (Serotec, Mar-
tinsried, Germany) 1:80; anti-IgG (Serotec) 1:200; anti-
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IgM (Dako) 1:200; anti-IgE (Dako) 1:200; anti-p27<P" (BD
Pharmingen) 1:1500; anti-Ki-67 (Dako) 1:200; anti-Ph-H3
(Sigma, St. Louis, MC) 1:2000; and anti-CycA (Chemicon)
1:200. The rabbit anti-OTX was kindly provided by G. Corte
and used at a dilution of 1:3500. For immunohistochemistry
on wax-embedded tissues, antigens were unmasked by
four rounds of microwave boiling (4 minutes/boiling) at 700
Watts in sodium citrate buffer (10 mMol/L pH 6)*° and
primary antibodies were applied to the sections and left
overnight at room temperature. After washing in PBS, sec-
ondary antibodies were applied for 60 minutes, then the
slides were PBS washed and processed for their observa-
tion and image capture.

For immunohistochemistry, primary antibodies were re-
vealed by carbazole staining of horseradish peroxidase-
coniugated secondary antibodies by using the Dako Envi-
sion plus kit following the manufacturer’s instructions. For
immunofluorescence, primary antibodies were revealed by
using anti-mouse or anti-rabbit or anti-goat Alexa-594 or
Alexa-488 or Alexa-350 secondary antibodies.

For Western blot analysis, protein extracts from nonma-
lignant lymph nodes, DLBCL lymph nodes, and E12.5
mouse embryos as a control, were obtained by homogeniz-
ing the specimens in a lysis buffer containing a cocktail of
protease inhibitors. The supernatants were probed in a
standard Western blot with the anti-OTX polyclonal antibody
(1:10000), and revealed by Enhanced Chemiluminescence.

The counting of OTX1* cells in the GCs of three tonsils
and four nonmalignant Lymph Nodes was performed by
analyzing adjacent sequential sections (9-um thick) cov-
ering 50 GCs for each sample. For each GC, the section
containing the highest number of OTX1" cells was taken
into consideration. Sections were captured, printed, and
OTX1* cells were counted. GCs considered in this anal-
ysis were equally selected in periphery and more central
area of the tissue specimens. Based on the number of
OTX1* cells, we arbitrarily defined two major groups of
GCs: the first containing from 1to 4 OTX1™ cells; and the
second from 5 to the highest number of OTX1" cells
scored (n = 65). This second group was further analyzed
to define the most represented subgroup, which in tonsil
and nmLN contains between 8 and 20 OTX1™" cells.

Results

Expression of OTX1 and OTX2 in NHL

To study the relative level of OTX7 and OTX2 mRNAs in
B-cell lymphoma, a total of 184 pathological samples
representative of different lymphoma subtypes were an-
alyzed by RT-PCR (Table 1). These included precursor
B-Acute Lymphoblastic Lymphoma/Leukemia (B-ALL/
B-LBL), B-SLL/CLL, Mantle Cell Lymphoma (MCL), Mar-
ginal Zone Lymphoma (MZL), Follicular Lymphoma (FL),
DLBCL, Burkitt lymphoma (BL), Lymphoplasmacytic
Lymphoma (LPL) and MM (Materials and Methods). OTX1
was not detected in B-ALL/B-LBL (n = 11), B-SLL/CLL
(n = 25), and LPL (n = 10) cases (Figure 1A, B, and H;
Table 1), while only 3 out of 14 MCL showed low level of
OTX1 expression (Figure 1C). In MZL (n = 16) (Figure 1D,
Table 1), OTX7 was detected at low level in three cases,
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Table 1. OTX1 Expression in B-Cell Non-Hodgkin
Lymphoma Subtypes
Lymphoma
subtype Total positive* Percent positive
B-ALL/B-LBL 0/11 0
SLL/CLL 0/25 0
MCL 3/14 21
MZL 4/16 25
Extranodal 1/6 17
Nodal 3/7 43
Splenic 0/3 0
FL 25/41 61
Grade 1 8/17 46
Grade 2 7/13 53
Grade 37 10/11* 90
DLBCL 31/33 94
BL 10/10 100
LPL 0/10 0
MM 3/24 12

*As detected by RT-PCR (Materials and Methods).
TIncluding four cases of FL G3A and seven cases of FL G3B.
*The negative sample is from a patient with FL G3A.

at a moderate level in one case, while it was undetectable
in the remaining 12 cases.

OTX1 was highly expressed in the majority of FL and,
virtually, in all of the DLBCL and BL cases analyzed. Spe-
cifically, in FL OTXT transcripts were detected in 25 out of 41
cases (Table 1). Interestingly, all grade-3 (G3) FL exhibited
high level of OTX7 transcripts while those belonging to the
G2 and G1 types showed respectively moderate and low
expression (Figure 1E). Moreover, 53% of FL G1 and 46% of
FL G2 cases did not express OTX7 as opposed to only 10%
of FL G3 cases (Table 1). OTX7 expression in three FL of G1
type was confirmed in CD19" purified B-cells (Figure 1J
and data not shown). As predicted, the transcription factors
PAX5 and BCL6 were uniformly expressed in all FL (Figure
1E). OTX7 was homogeneously expressed at high level in
roughly all DLBCL and BL cases tested (Figure 1, F and G;
Table 1). In DLBCL, OTX7 was found highly expressed in
both the GC- (n = 14) and the activated B-cell (n = 17)
types. Finally, only 3 out of 24 MM cases expressed low
level of OTX7 (Figure 1, | and J). Absence of OTX7 expres-
sion was also confirmed by analyzing CD138™ tumor
plasma cells purified from the BM of five MMs (Figure 1J).
Similarly, the absence of OTX1 expression in LPL cases
was confirmed by analyzing the CD19" tumor cell popula-
tion (Figure 1J). In contrast to a positive control represented
by a human medulloblastoma sample, OTX2 expression
was never detected in any of the B-cell ymphoma subtypes
analyzed (Figure 1, A-J, and data not shown). Altogether,
these data indicate that OTX7 expression is preferentially
activated in GC B-cell-derived NHL subtypes, representing
a novel molecular marker to identify FL G3, DLBCL, and BL
cases.

Activation of OTX1 Expression in DLBCL and
BL is not Linked to Genomic Rearrangements
and/or Gene Amplification

The distribution and levels of the OTX1 protein were
analyzed in tumor tissues from five representative DLBCL
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Figure 1. O7X7 and OTX2 expression in B-cell lymphomas. O7X7 and O7X2
expression analysis in representative pathological samples of B-ALL/LBL (A),
B-SLL/CLL (B), MCL (©), MZL (D), FL (E), DLBCL (F), BL (G), LPL (H), and MM
(D shows that OTX2 is not transcribed in any of the pathological samples,
whereas OTX7 exhibits high level of expression in all of the patients with FL G3
(E), DLBCL (F), and BL (G). Moderate OTX1 expression is detected in FL G2 (E)
and low level of O7X7 is found in most of the FL G1 (E). OTX1 is sporadically
expressed at low level in patients with MCL (C), MZL (D), and MM (ID; no
expression is detected in B-ALL/LBL (A), B-SLL/CLL (B), and LPL (H). High level
of PAX5 and BCL6 expression is consistently detected in MCL (C), MZL (D), FL
(B), GC like DLBCL (F), and BL (G) samples. J: OTX7 expression in LN, CD19™
and CD19™" cells isolated from a representative FL (G1); LN, CD3" and CD19™
cells isolated from a LPL; and BM, CD138~ and CD138" cells isolated from a
MM. G1, G2 and G3 indicate the histological grade of the FL samples. LN tissues
are analyzed in all cases, except for lanes 4 to 8 of B where PB tumor cells are
used; all lanes of I correspond to BM; lanes 1, 2 of D correspond to splenic tissue
and lanes 7, 8 of D correspond to extranodal tissue from gastric biopsies.
RT-PCRs are performed at 29 cycles for OTX1, 32 cycles for OTX2, 27 cycles for
PAXS5 and BCLG6, and 23 cycles for B-ACTIN.

cases by using an anti-OTX antibody recognizing both
OTX1 and OTX2.2" All of the five DLBCL cases exhibited
a uniform distribution of OTX1 in the nucleus of the
PAX5*-CD20™ tumor cells (Figure 2, A-D, and data not
shown) and, compared with nmLNs, a remarkably high
protein level (Figure 2M and data not shown). In one
case, homogenous strong high level of OTX1 protein was
confirmed in testicular and rinopharynx infiltrations (Fig-
ure 2, E-L). Since in humans the OTX7 gene maps to
chromosome 2 p13-15,22 a region frequently rearranged
in DLBCL?® and given the frequent OTX2 gene amplifi-
cation in primary medulloblastomas, we analyzed the
OTX1 gene dosage in 15 DLBCL and the integrity of its
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coding region in 13 DLBCL and 7 BL. No alterations were
detected in both copy number and structure of the OTX1
coding sequence (data not shown), ruling out the possibility
that deregulated OTX1 expression in NHL resulted from
recurrent genomic aberrations at the OTX7 gene locus.

Expression of OTX1 and OTX2 in Nonmalignant
Lymphoid Cells and Tissues

Given the strong expression of OTX1 in GC-derived B-
cell malignancies, we studied its expression and that of
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Figure 2. Immunodetection of
OTX1 in DLBCL tissues. Co-immu-
nohistochemistry experiments with
OTX and PAX5 (A, B,E, F, I, J) and
OTX and CD20 (C, D, G, H, K, L)
antibodies in the LN (A-D), tes-
ticular (E-HD, and rhinopharynx
(I-L) infiltrations of a DLBCL show
robust expression and full co-local-
ization of OTX1 with both PAX5
and CD20 in tumor cells. M: West-
ern blot analysis showing the OTX1
protein level in extracts from
nmLN, DLBCL LN, and mouse
embryos at gestational day 12.5
(E12.5). B, F, and J, and D, H, and
L are magnifications correspond-
ing to a restricted area of A, E, and
I, and C, G, and K| respectively; the
mouse and human OTX1 proteins
differ by a single amino acid.
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CD19™" B-cells (n =5), CD3* T cells (n = 4), and CD197/
CD3™ double negative mononuclear cells (n = 2) purified
from PB of healthy donors were analyzed by RT-PCR for
OTX1 and OTX2. None of the normal lymphoid cell pop-
ulations tested exhibited detectable levels of OTX1
MRNA, except for a weak expression in unfractionated
tonsillar cells at a number of PCR cycles (n = 32) remark-
ably higher than that used for the study of the patholog-
ical tissue samples (n = 29) (Figure 3A and data not
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Figure 3. OTX17 expression in normal lymphoid cell populations,
reactive LNs, and nmLNs. A: O7X7 expression analysis in periph-

eral blood mononuclear cells (PBMC), CD19" peripheral B-cells,

CD3™" peripheral T-cells, CD3™/CD19™ peripheral lymphocytes,

total tonsil tissue, five LNs with reactive follicular hyperplasia (re-

active LN), and four nmLNs shows a faint signal only at 32 PCR
cycles in tonsil, reactive LNs, and nmLNs, while no signal is de-
tected for OTX2 in all of the samples. Immunodetection of OTX1 (B

and ), CD20 (©), CD3 (D), CD10 (B), PAX5 (F), BCL6 (G), CD6S  J
(H), and CD34 (D by using carbazole staining in adjacent sections
of a nmLN shows that, according to the gross distribution of GC
cell-markers, a few OTX1™ cells are detected only in the GC area.
K: OTX immunohistochemistry in Hoechst-stained GC cells shows
that OTX1 is prevalently localized to the cytoplasm. L: OTX1 and
OTX2 RT-PCR show a very low level of OTX1 transcripts in both
CCs and CBs while no expression for OTX2 is detected. As a
positive control, the expression of OTX1 and OTX2 is shown in
DLBCL and medulloblastoma, respectively. GC, germinal center.
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shown). A similar low level of OTX7 expression was ob-
served in reactive and nmLNs (Figure 3A). OTX2 tran-
scripts were never detected in the same samples (Figure
3A). These findings may either reflect high OTX7 expres-
sion in a limited number of nmLN and tonsil cells or low
OTX1 level expressed by the majority of the resident
cells. Furthermore, expression data on reactive tonsils
rule out the possibility that high OTX1 level found in tumor
samples depends exclusively on the proliferation rate of
the transformed cells.

OTX1 Expression Pattern in Normal Lymphoid
Tissues

To assess the expression pattern of OTX1 at the single-
cell level, immunohistochemical analysis on nmLN and
tonsil tissues was performed.

OTX1™* cells were detected in low number, preferen-
tially within the BCL6™ GC areas, in both nmLNs and
tonsils (Figure 3B, G, J). Noteworthy, OTX1™" cells were
not detected in all of the GCs scored in these tissues.
Cell-counting performed in three tonsils and four
nmLNs (Material and Methods) showed that respec-
tively 88% (n = 132 of 150) and 74% (n = 148 of 200)
of GCs contained between 5 and 65 OTX1" cells.
Among the scored GCs, 63% (n = 83 of 132) in tonsils

and 71% (n = 105 of 148) in nmLNs displayed between
8 and 20 OTX1™ cells and defined the most represen-
tative subgroup. OTX1™" cells were not detected in the
interfollicular areas and in the mantle zone (Figure 3, B
and J, and data not shown) as confirmed from the
histological analysis of serial sections stained with lin-
eage-specific markers such as CD20, CD3, CD10,
PAX5, BCL6, CD68, and CD34 (Figure 3, C-I). We also
determined the subcellular localization of OTX1 in Ho-
echst-stained GC cells. Surprisingly, and in contrast
with the nuclear-restricted distribution of OTX1 ob-
served in NHL (Figure 2 and data not shown), in nmLNs
the OTX1 protein appeared prevalently localized to the
cytoplasm (Figure 3K). A similar intracellular distribu-
tion of the protein was observed in tonsils. Given the
expression of OTX1 within the GC, we analyzed its
expression in sorted populations of CCs and CBs. A
comparable low level of OTXT transcripts was detected
in the two GC subsets (Figure 3L). In accordance with
data on unfractionated tissues samples, expression of
OTX2 was absent in the GC B-cell subsets (Figure 3L).
These findings on normal lymphoid tissues indicate
that OTX1 is (1) selectively expressed in a minor, dis-
tinct GC B-cell subset; and (2) predominantly localized
to the cytoplasm of GC B-cells, in contrast to their
transformed counterpart.

Figure 4. Cell-identity analysis of OTX1" cells in the GC of nmLN. Immunohistochemistry experiments to assess at single cell level co-localization between
OTX1" cells and those expressing CD45 (A—C), or PAX5 (D-F), or BCL6 (G-D), or CD10 (J-L), or CD20 (M—0), or CD138 (P-R), or IgG (8-U) show that OTX1"
cells never co-express PAX5 or BCL6, while several of them co-localize with CD10 and CD20, and all of them are CD45", CD138*, and IgG™. The arrows point
to OTX1™ cells co-expressing CD45, or CD10, or CD20, or CD138, or IgG; the arrowheads point to the cells expressing only OTXL.



Phenotypic Characterization of OTX1™" B Cells
within the GC

Next, we investigated at the single-cell level the pheno-
typic identity of OTX1" cells in the GC of nmLN and tonsil
sections. All of the OTX1™ cells expressed the pan-he-
matopoietic marker CD45 (arrows in Figure 4, A-C) and
were CD34~, CD68~, CD7, and CD3™ (Supplemental
Figure S1, C-J, see http://ajp.amjpathol.org), ruling out
the possibility that they belong to the endothelial, mac-
rophagic, histiocytic, or T-cell lineages. We also analyzed
the expression of BCL6, which labeled most of the CBs
and CCs, and the pan-B-cell marker PAX5. OTX1™ cells
did not exhibit BCL6 nor PAX5 expression (Figure 4, D-I).
Conversely, about 60% of the OTX1* cells expressed
CD10 and/or CD20 (arrows in Figure 4, J-O). Next, we
analyzed the expression of the plasma cell marker
CD138 and that of IgG, IgM, or IgE, which recognized the
corresponding subsets of immunoglobulin-producing
plasma cells. OTX1* cells were CD138* and expressed
high levels of intracellular IgG (arrows in Figure 4, P-U),
while none of them expressed IgM or IgE (data not
shown). This expression analysis was confirmed at a low
magnification (Supplemental Figure S1, see http://ajp.
amjpathol.org). The unusual phenotype of OTX1* cells
was finally assessed by triple immunohistochemistry exper-
iments. This experiment showed that all of the OTX1™" cells
were CD138" and about 30 to 40% of them co-expressed
CD20 (Figure 5, A-C); the OTX1"CD20* cells were consis-
tently CD10™, while none of the OTX17CD20~ cells ex-

Figure 5. OTX1" cells exhibited unusual plasma cell-like identity. Co-
immunohistochemistry performed with OTX, CD20, and CD138 (A-C), OTX,
CD20, and CD10 (D-F), and OTX, CD20, and PAX5 (G-I) antibodies on
adjacent nmLN sections. In A—C the arrows point to the OTX1*"-CD20*-
CD138™ cells and the filled arrowheads to the OTX1"- CD207-CD138™
cells; in D-F the arrows point to the OTX1"-CD20*-CD10™" cells and the
open arrowheads to the OTX1"-CD20"-CD10~ cells; in G-I the filled
arrowheads point to the OTX1"-CD20"-PAX5 ™ cells and the open arrow-
heads to the OTX1"-CD20 -PAX5~ cells. The red color for OTX
(B,C.E,FH,D and the green color for CD138 (C), CD10 (F), and PAX5 (I) are
pseudocolors of the same immunohistochemistry shown in A, or D, or G.
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pressed CD10 (Figure 5, D-F); and none of the OTX1™" cells
were PAX5™ (Figure 5, G-I). Finally, we determined the
cell-cycle distribution of OTX1" GC cells. Specifically, we
measured the fraction of OTX1™ cells co-expressing cell-
cycle associated markers such as Ki-67, p27<P1, CYCLIN A
or phospho-histone 3. OTX1" cells co-localized with the
fraction of GC B-cells expressing p27<*", while none of
them expressed any proliferation marker (Supplemental
Figure S2, see http://ajp.amjpathol.org and data not shown),
thus indicating that the OTX1™" cells represent a quiescent
cell population.

Together these data suggest the existence of a novel
quiescent subset of CD138" GC B-cells marked by the
expression of OTX1. An attractive possibility is that these
postmitotic cells reflect a transient stage of GC B cell
differentiation leading ultimately to the generation of an-
tibody-secreting cells. Furthermore, based on the pheno-
typic characterization, OTX1" cells found in normal GCs,
likely do not correspond to those giving rise to DLBCL,
BL, and FL malignancies.

Discussion

This study shows for the first time that the homeobox
gene OTX7 is constitutively expressed in a subset of
human B-cell malignancies. In particular, we have shown
that OTX7 expression is preferentially restricted to tumors
derived from GC and early post-GC B-cells. Indeed, pre-
and post-GC B-cell malignancies including B-LL/B-ALL,
B-SLL/CLL, and MM did not express OTX7 or exhibited a
low expression in a small fraction of them (MCL and MZL)
(Table 1). In contrast, OTX7 mRNA was detected in 61%
of FL, in most DLBCL (94%), and in all cases of BL. In FL,
OTX1 expression was associated to histological grading
of tumors since G3-type tumors displayed the highest
level of expression (90%) as compared with G2 (54%)
and G1 (47%) cases.

Based on this expression profile, it appears that the
molecular event(s) underlying OTX7 deregulation in hu-
man B-cell lymphomas is mostly restricted to precursor
cells arising in the GC (FL, DLBCL of GC-like phenotype,
and BL), or immediately poised to exit it (DLBCL of acti-
vated B-cell type).

Consistent with RNA expression data, immunolocaliza-
tion experiments showed that in DLBCL tumor cells the
OTX1 protein is detected in both primary and distal sites.
This suggests that OTX1 induction might represent an
early event occurring in the tumorigenic process. In lym-
phoma cells, the OTX1 protein exhibits the expected
molecular weight and nuclear distribution. Our data indi-
cate that OTX1 activation represents a molecular event
specifically associated with mature B-cell lymphomagen-
esis. Indeed (1) purified CD19™, peripheral mononuclear
CD3" or CD19-CD3™ non-B cells and non-T cells iso-
lated from healthy donors lack detectable levels of OTX1
transcripts; (2) reactive follicular hyperplasia samples ex-
hibit no increase in OTX7 expression, thus ruling out the
possibility that OTX7 induction is a mere reflection of
B-cell proliferation; and (3) in nmLN and tonsil OTX1
protein expression is detected in the cytoplasm of a
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subset of GC-restricted PAX5 -BCL67-CD138™ cells.
Collectively, these data suggest that the nonmalignant
OTX1" GC B cells do not represent the normal counter-
part of the OTX1™ tumor cells; rather they support the
possibility that activation of OTX7 expression is an inde-
pendent molecular event occurring in FL, DLBCL, and BL
tumor subtypes. The finding that the fraction of non-
transformed OTX1*CD138%IgG™ GC B cells can be fur-
ther subdivided in two major subgroups based on CD20
and CD10 expression, suggests the existence of distinct
subsets of GC-restricted CD138™ cell populations. Inter-
estingly, co-expression of OTX1 and CD138 was limited
to a restricted subset of GC B cells, whereas it was
detected neither in normal nor in transformed plasma
cells present in extra GC sites. This result suggests that
OTX1 expression may define a transitory stage in the
developmental pathway of GC B cells leading ultimately
to the generation of long-lived plasma cells.

An intriguing aspect of this study is the finding that in
nonmalignant GC B-cells, OTX1 is prevalently localized
to the cytoplasm, while in the lymphoma cells, the protein
displays the predicted nuclear distribution. While the role
of OTX1 in the cytoplasm of CD138" GC cells remains to
be deciphered, its induced expression in the nucleus of
tumor cells may alter their gene expression profile and
thus, determine abnormalities in cell-identity and/or pro-
liferation.®° For OTX1 no direct proof of its involvement in
cancer exists. However, similarly to OTX2, which is in-
volved in the pathogenesis of anaplastic medulloblas-
toma, OTX7 expression has been correlated to the
occurrence of nodular/desmoplastic medulloblasto-
mas.'® This, together with the observation that in mouse
OTX1 and OTX2 are functionally equivalent”® suggests
that OTX1 could share with OTX2 an oncogenic activity in
specific cell-context(s).

The OTX71 gene locus is located on human chromo-
some 2 at position p13-15,22 which, is frequently rear-
ranged in mature B-cell lymphomas.?*2” Despite this,
neither alterations in the OTX7 gene-copy number nor
abnormalities in the length of its coding sequence were
revealed.

In summary, this study provides new evidence indicat-
ing that OTX1 expression is activated in a large fraction of
high-grade FL and in all DLBCL and BL where it is pre-
dominantly found in the nuclear compartment. These
findings lead us to hypothesize a role for OTX1 in the
onset and/or maintenance of GC-derived NHL. Also, the
expression of OTX7 within normal GCs detected in a
fraction of resting CD138" IgG™ cells highlights the ex-
istence of subset of these cells with plasma cell commit-
ment properties.
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