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Simple Summary: In this study, our primary aim was to evaluate LMO2 mRNA expression in tissue,
an area with limited research. Studies assessing LMO2 mRNA expression overlook tissue morphology
since they have relied on microarray platforms or PCR methods. Our results show a reliable method
to identify LMO2 mRNA expression in tissues, capturing the reported biologic features of LMO2,
that may be useful to study LMO2 mRNA expression in hematological neoplasms and solid tumors.

Abstract: Background: LMO?2 is a relevant gene involved in B-cell ontogeny and a survival predictor
of aggressive large B-cell lymphomas (aLBCL). Most studies assessing LMO2 mRNA expression have
relied on microarray platforms or qRT-PCR methods, overlooking tissue morphology. In this study,
we evaluate LMO2 RNA expression by chromogenic in situ hybridization (CISH) in normal tissue and
in a series of 82 aLBCL. Methods: LMO2 CISH was performed in formalin-fixed paraffin-embedded
tissues, scored by three different methods, and correlated with a transcriptome panel. Results: We
obtained statistically significant results correlating the methods of evaluation with LMO2 protein
expression and gene expression results. Normal tonsil tissue showed high levels of LMO2, particularly
within the light zone of the germinal center. Conversely, in aLBCL, a notable reduction in LMO?2
expression was noted, remarkably in cases carrying MYC rearrangements. Furthermore, significant
results were obtained through overall survival and Cox regression survival analysis, incorporating
International Prognostic Index data alongside LMO?2 expression levels. Conclusions: We show a
reliable method to identify LMO2 mRNA expression by CISH, effectively capturing many of the
reported biologic features of LMO2.

Keywords: LMO2; MYC; CISH; large B-cell lymphoma

1. Introduction

LIM-domain only 2 (LMO2) is a cysteine-rich LIM domain transcription factor located
on the short arm of human chromosome 11 (11p13). First described as a chromosomal
translocation oncogene partner of the TCR loci in a subset of T-cell acute lymphoblastic
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leukemia (T-ALL) [1,2], subsequent studies in murine models revealed its involvement
in hematopoiesis and blood vessel formation [3]. Gene expression profiling (GEP) iden-
tified LMO2 as one of the genes associated with the germinal center (GC) signature in
secondary follicles and the GCB-like profile in diffuse large B-cell lymphomas (DLBCL).
The survival analyses demonstrated a significantly higher survival rate for patients with
GCB-like DLBCL in both pre-rituximab and rituximab eras compared to those with acti-
vated B-like DLBCL, which are characterized by the expression of genes typically induced
during in vitro activation of peripheral blood B-cells [4-6]. Further studies translating GEP
findings into clinical practice consistently identified LMO2 as one of the most significant
prognostic genes in DLBCL [7,8]. Furthermore, several studies have shown that LMO2
protein expression showed a significant favorable prognostic impact in DLBCL-NOS treated
with immunochemotherapy [9-11].

Most RNNA-based studies used microarray platforms or quantitative real-time polymerase-
chain-reaction analyses in fresh frozen or formalin-fixed paraffin-embedded (FFPE) samples
to evaluate LMO?2 gene expression, and therefore tissue morphology was not preserved.
In the present study, we evaluate, for the first time, LMO2 mRNA expression using chro-
mogenic in situ hybridization (CISH) in both normal tissues and a series of aggressive large
B-cell lymphomas (aLBCL). We used a CISH assay, which allows high amplification of
mRNA signals identifiable by a common bright-field microscope. Each individual RNA
molecule was analyzed as a distinctive dot of chromogenic precipitate in each cell. The
results were correlated with LMO2 and MYC protein expression as well as MYC gene
status. Furthermore, GEP performed in a subset of cases provided useful information
to validate the results, and survival analyses were evaluated in a cohort of DLBCL-NOS
patients treated with immunochemotherapy.

2. Materials and Methods
2.1. Case Selection

All FFPE tissue samples were obtained from the archive of the Department of Pathol-
ogy, Hospital del Mar, Barcelona, based on material availability, between 2000 and 2019.
The cases included were aLBCL received at our institution both as diagnostic consultation
and to perform cytogenetic studies and were diagnosed following the criteria of the In-
ternational Consensus Classification (ICC) and the 5th edition of the WHO classification
(WHO-HAEMS5) [12,13].

We studied a series of 82 aLBCL, including 13 (16%) transformed DLCBL (tDLBCL;
1 marginal zone lymphoma-MZL, 12 follicular lymphomas-FL), 56 (69%) DLBCL-NOS,
9 (11%) high-grade B-cell lymphomas with MYC and BCL2 rearrangements), and high-
grade B-cell lymphomas with MYC and BCL6 rearrangements that we have abbreviated
as HGBL-DH/TH (1TH, 6 HGBL MYC/BCL2, and 2 HGBL MYC/BCL6), 2 (2%) HGBL-
NOS, and 2 (2%) BL, both in HIV-positive patients. Primary mediastinal large B-cell
lymphoma, primary central nervous system lymphoma, primary cutaneous diffuse large B-
cell lymphoma, leg type DLBCL, T-cell /histiocyte-rich B-cell lymphoma, HHV8-associated
lymphoproliferative disorders, plasmablastic lymphoma, and transformed myeloma were
excluded. The Ethics Committee of the Hospital del Mar of Barcelona (2017/7481/1)
approved the study. Informed consent to use both clinical data and histological material
was obtained in accordance with the Declaration of Helsinki.

For survival analysis purposes, clinical data (including IPI, gender, response to treat-
ment, and follow-up) of the patients were collected and analyzed. Forty-three patients diag-
nosed with DLBCL-NOS and treated with immunochemotherapy (4 R-CVD, rituximab plus
cyclophosphamide, doxorubicin, vincristine, and prednisone; 35 R-CHOP, rituximab plus
cyclophosphamide, doxorubicin, vincristine, and prednisone or prednisolone; 4 R-EPOCH,
etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin, and rituximab) were
analyzed to evaluate the survival outcomes of LMO2 CISH.
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2.2. Immunohistochemistry

A common panel of B- and T-cell immunohistochemistry (IHC) markers in WTS was
used for diagnosis. Tissue fixation (10% buffered formalin) and processing were performed
following standard methods. Immunohistochemical stains were carried out for each case
with monoclonal and polyclonal antibodies reactive in paraffin-embedded tissue sections
using fully automated protocols on a BenchMark XT and Ultra immunostainers (Ventana
Medical Systems, Tucson, AZ, USA). The antibodies used included common B- and T-
cell markers [CD19 (clone SP110), CD20 (clone L26), CD79a (clone SP18), CD3 (clone
2GV6), CD5 (clone SP19), BCL2 (clone 124), CD10 (clone SP67), BCL6 (clone GI191E-AS8),
MUM1/IRF4 (clone MRQ-43), Ki-67 (clone MIB-1), LMO2 (clone SP51), and MYC (clone
Y69), following the manufacturer’s instructions. The conditions and the evaluation for all
these antibodies were the same as previously described and were assessed as previously
described, using appropriate internal and external controls [11,14]. Cell of origin (COO)
was assigned by using the Hans immunohistochemistry algorithm [15].

2.3. Fluorescence and Chromogenic In Situ Hybridization (FISH and CISH)

Fluorescent ISH (FISH) studies were performed using dual color break-apart probes
for MYC and BCL6, and dual color dual fusion probes for IGH/BCL2, (all provided by
Vysis, Abbott Molecular, Des Plainescity, IL, USA). FISH was performed and evaluated as
described previously following the criteria of Ventura [16].

The chromogenic ISH (CISH) study was performed for LMO2 and MYC genes with
RNAscope using the 2.5 Assay for the Ventana Discovery Ultra system (Advanced Cell
Diagnostics—ACD, Hayward, CA, USA). The LMO2 probe was customized by the manu-
facturer, which designed and provided the probe Hs-LMO2-C1 Homo sapiens LIM domain
only 2 (LMO2) transcript variant 1 mRNA, NM_005574.4. (#1029259-C1); the MYC probe
was commercially available (#311769, NM_002467.4). The assay was performed as de-
scribed, using, in parallel, positive and negative controls [17]. The slides were scanned
using the Ventana DP200 scanner at 40x. All cases were assessed by two pathologists (NP,
LC) using conventional optical microscopy and by the Aperio ImageScope slide viewing
software v12.1 (Leica Biosystems, Wetzler, Germany).

CISH studies were performed in 3 TMAs, including 2 representative Imm cores of
each case being constructed. Whole-tissue sections (WTS) from 27 cases were also included
and evaluated for LMO2 and MYC CISH. For each TMA, a hematoxylin-eosin was obtained
and used as a control to evaluate the neoplastic areas.

The evaluation of CISH was performed following 3 different approaches provided by
the manufacturer as shown in Figure 1 (https://acdbio.com/services/quantitative-analysis
(accessed on 25 June 2024)). First, the semi-quantitative visual score (SQV) was based on
the predominant staining pattern seen throughout the entire sample or within a defined
region of interest, counting the number of dots per cell. Categories were as follows: score
0, 0 dots in 0% cells, score 1, 1-3 dots/cell in 1-25% cells; score 2, 4-9 dots/cell in 26-50%
cells; score 3, 10-15 dots/cell in 51-75% cells; score 4, >15 dots/cell in >75% cells. The
second approach, which we designated the ACD score, added to the previous approach the
evaluation of clusters of dots. Then, the presence of few clusters or cases with 4-9 dots/cell
was score 2, less than 10% of clusters and/or cases with 10-15 dots/cell was score 3, and
more than 10% of clusters and/or more than 15 dots/cell was score 4. Finally, a weighted
H-score across the whole sample was performed. Cells were grouped into 5 bins based on
the number of dots per cell as in SQV scoring, and the percentage of cells in each bin was
scored according to the following weighted formula: H-Score = 0 X (% of cells in bin 0) + 1
X (% of cells in bin 1) + 2 X (% of cells in bin 2) + 3 X (% of cells in bin 3) + 4 x (% of cells
in bin 4).
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Figure 1. Scoring systems for LMO2 and MYC mRNA CISH analyses (SQV, semiquantitative, ACD,
semiquantitative and clusters, H-score, weighted score).

We studied the correlations between the three methods, and the results were correlated
with LMO2 and MYC protein expression as well. Additionally, GEP performed in a subset
of cases provided useful information to validate the results.

2.4. Gene Expression Analysis

In fifteen cases, whole transcriptome sequencing was performed on archival FFPE.
All samples were studied using the HTG EdgeSeq system with the HTG EdgeSeq Tran-
scriptome Panel (HTG Molecular Diagnostics, Inc., Tucson, AZ, USA, #916-001) at the IVO
Molecular Biology Laboratory (Valencia, Spain), according to the manufacturer’s protocols.
This assay contains probes for 19616 mRNA transcripts, including negative and positive
process controls. Briefly, after sample lysis, a quantitative nuclease protection assay was
performed enabling mRNA quantitation in an extraction-free format. The library was
prepared with the addition of tags (barcodes), sequencing adaptors, and tags in a ther-
mocycler. The labeled DNA protection probes were concentrated, pooled, and sequenced
using standard NGS protocols on the Illumina NextSeq 550 instrument. Finally, initially
demultiplexed FASTQ files were provided as an Excel file.

The 15 cases included occurred in 9 men and 6 women, with a median age of 63.3 years
(range 38-82 years). Twelve cases (75%) were nodal and 3 extranodal. The diagnoses were
as follows: 5 tFL, 7 DLBCL-NOS, 2 HGBL-DH/TH and 1 BL.

2.5. Statistical Analysis

Data were compared using the Chi-square test, unpaired t-tests, or nonparametric
tests when necessary; p values < 0.05 were considered statistically significant for all tests.
Definitions of complete response, progression-free survival, and overall survival were used,
and survival analyses were carried out according to the method described by Kaplan and
Meier, and the curves were compared by the log-rank test. Multivariate models for sur-
vival were performed using the stepwise proportional hazards model (Cox). Multivariate
analysis was carried out with R studio 2023.03.0 software, R version 4.3.0 (2023-04-21 ucrt),
and SPSS statistics v28 (IBM Corp., Armonk, NY, USA).
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3. Results

The whole series included 44 males and 38 females, with a mean age of 67 years (range

38-93). Table 1 shows the descriptive clinicopathological features of the series.

Table 1. Clinicopathological features of aLBCL included in the study.

tDLBCL

tDLBCL

DLBCL-

HGBCL

HGBCL-

All Cases fromMZL  from FL NOS DH/TH NOS BL
Number of cases 82 1 12 56 9 2 2
Age 67 (38-93) 63 65 (47-80) 67 (38-88) 73 (59-93) 53 (53-54) 43 (38-49)
Sex (male:female) 44:38 1:0 7:5 28:28 6:3 1:1 1:1
Nodal 58 (71%) 1 (100%) 12 (100%) 36 (64%) 7 (78%) 2 (100%) 2 (100%)
IPT*
Low 22/77 (29%) 0/1(0) 3/10 (30%) 19/54 (35%) 0/8(0) 0/2 (0) 0/2(0)
Low-intermediate 16/77 (21%) 0/1(0) 4/10 (40%) 11/54 (20%) 0/8(0) 1/2 (50%) 0/2(0)
High-intermediate 24/77 (31%) 1/1 (100%) 3/10 (30%) 13/54 (24%) 4/8 (50%) 1/2 (50%) 2/2 (100%)
High 15/77 (19%) 0/1(0) 0/10 (0) 11/54 (20%) 4/8 (50%) 0/2 (0) 0/2(0)
Immunohistochemistry
CD10 43 (52%) 0 8 (67%) 25 (45%) 6 (67%) 2 (100%) 2 (100%)
BCL-6 76 (93%) 1 (100%) 11 (92%) 52 (93%) 8 (89%) 2 (100%) 2 (100%)
MUM1/IRF4 52 (63%) 1 (100%) 4 (33%) 43 (78%) 2 (22%) 2 (100%) 0
MYC 34 (41%) 0 5 (42%) 17 (30%) 8 (89%) 2 (100%) 2 (100%)
LMO2 48 (58%) 1 (100%) 10 (83%) 34 (61%) 3 (33%) 0 0
BCL-2 66 (80%) 1 (100%) 11 (92%) 45 (80%) 8 (89%) 1 (50%) 0
COO
GCB-like 49 (60%) 0 9 (75%) 29 (52%) 8 (89%) 2 (100%) 2 (100%)
Non-GCB-like 33 (40%) 1 (100%) 3 (25%) 27 (48%) 1 (11%) 0 0
FISH
MYC rearranged 20/82 (24%) 0/1(0) 5/12 (42%) 2/56 (4%) 9/9 (100%) 2/2 (100%) 2/2 (100%)
BCL-2 rearranged * 20/68 (24%) 0/1(0) 8/12 (67%) 5/42 (12%) 7/9 (78%) 0/2 (0) 0/2(0)
BCL-6 rearranged * 17/61 (28%) 0/1(0) 5/11 (45%) 9/36 (25%) 3/9 (33%) 0/2(0) 0/2(0)

* IPI was available in 77 cases, and FISH for BCL2 and BCL6 in 68 and 61 cases, respectively.

Across the cohort, high-intermediate/high IPI scores were observed in 13 out of
15 cases with MYC rearrangements (MYCr) for which information was available (p = 0.01).
Furthermore, IPI scores correlated with LMO2 and MYC protein expression, since 22 out of
30 (73%) patients with high-intermediate /high IPI scores were LMO2 negative, and 21/30
overexpressed MYC protein (p = 0.01 and p = 0.019, respectively). Additionally, 14 of 20
MYCr cases were LMO2 negative by IHC (p = 0.004).

Figure 2 shows the correlations between LMO2 and MYC CISH regarding GEP cases,
CISH scoring systems, protein expression, and MYC FISH. All LMO2-related results showed
significant associations between them. Using non-parametric tests, the comparison of the
three algorithms showed strong significant results (p < 0.005 for all results), indicating the
utility of these three methods to evaluate LMO2 ISH. In addition, the comparisons between
LMO2 GEP and the scoring methods were strongly significant (p < 0.005 comparing LMO2
GEP vs. ACD and SQV scores; LMO2 GEP and H-score, p = 0.002), validating their utility.
LMO2 IHC was also associated with GEP and scoring systems (p < 0.005, for all tests).

Moreover, all MYC-related results were also statistically associated. Therefore, the
three algorithms had significant associations between them (p < 0.005, for all tests), as well
as MYC GEP (p < 0.005, comparing MYC GEP vs. ACD and SQV scores; p = 0.03 between
MYC GEP and MYC H-score), MYC protein expression (p < 0.0056 MYC IHC vs. MYC
H-score; p = 0.01 and p = 0.05 for MYC IHC vs. MYC ACD and SQV scores, respectively),
and MYC FISH (p < 0.005, for all tests). MYC FISH, in addition, was associated with LMO2
H-score (p < 0.005).
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Figure 2. LMO2 and MYC CISH scoring systems (SQV, semiquantitative, ACD, semiquantitative and
clusters, H-score, weighted score) correlations with GEP cases (LMO2_HTG, MYC_HTG), protein
expression (LMO2 IHC, MYC IHC), and MYC FISH (MYC FISHO1). All LMO2-related results showed
significant associations between them, indicating the utility of the 3 methods to evaluate LMO2 CISH.
*p <0.05; * p <0.01; ***p < 0.001.

Table 2 and Figure 3 show the pattern of expression of LMO2 and MYC in non-
neoplastic tonsil tissue. The values were obtained after counting five germinal centers (GC)
and their adjacent structures. Similar to LMO2 protein, LMO2 expression was notably high
within the GC, although with distinct zonation, primarily concentrated in the light zone
(LZ). Lower levels of LMO2 in positive cells were observed in the mantle/marginal zones
and interfollicular areas, while endothelial cells and intraepithelial lymphocytes exhibited
elevated LMO?2 expression. MYC ISH expression was predominantly localized in the LZ of
the GC, mirroring its protein expression pattern [18,19]. In this area, cells displayed a high
number of dots (between 5 and 15), but not dense clusters. Conversely, the dark zone (DZ),
mantle/marginal zones, and interfollicular areas showed fewer positive cells. Additionally,
high MYC expression was observed in the lower layers of the squamous epithelium of the
tonsil, consistent with MYC protein expression.
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Table 2. Median and quartiles (Q1, Q3) of LMO2 and MYC mRNA ISH H-score values in normal

tonsil and aL.BCL.
LMO2 H-Score MYC H-Score
Control tonsil
GC dark zone 115 (110, 120) 40 (30, 40)
GC light zone 260 (250, 275) 120 (115, 125)
Mantle/marginal zones 30 (30, 40) 50 (30, 50)
Interfollicular areas 30 (20, 40) 50 (40, 55)
All cases (N = 82) 15 (5, 90) 30 (8.75, 90)
tDLBCL from MZL (N = 1) 110 140
tDLBCL from FL (N =12) 97.5 (42.5,127.5) 75 (56.25, 162.5)
DLBCL-NOS (N = 56) 15 (5, 72.5) 25 (5,47.5)
GCB-like (N = 29) 40 (7.5, 82.5) 20 (5, 52.5)
Non-GCB-like (N = 27) 10 (5, 50) 30 (5, 50)
HGBCL DH/TH (N =9) 5(5,12.5) 100 (32.5, 177)
HGBCL-NOS (N =2) 5 190
BL (N =2) 7.5 155
A B dlc D
; ‘ﬁ”._‘_
E F G b H

Figure 3. LMO2 and MYC CISH in tonsil. High LMO2 CISH expression in germinal centers (GC)
with higher expression in the light zone ((A,B), insert); internal control from endothelial cells (C);
high LMO2 homogeneous IHC expression in the GC (D); MYC CISH in the GC with high expression
in the light zone ((E,F), insert); internal control from basal epithelial cells (G); few MYC protein cells
in the light zone of the GC ((H); Ki-67, insert).

Table 2 also shows the median values of the H-scores for LMO2 and MYC ISH in all
cases and by histological subtypes. Compared with the results observed in the normal GC,
LMO2 expression decreased remarkably in all aLBL types. As observed in GEP studies,
cases carrying MYCr had a significantly lower expression of LMO2 mRNA (median LMO2
H-index, 5 for 20 cases carrying MYCr vs. LMO2 H-index, 35 for 62 non-MYCr cases,
p = 0.01). Significant differences were observed for tFL carrying MYCr compared with non-
rearranged cases (LMO2 H-index of 40 for 5 cases with MYCr vs. 120 in 7 cases non-MYCr,
p =0.005), and a trend for DLBCL-NOS (LMO2 H-index of 5 in 2 MYCr DLBCL vs. 15 in 54
non-MYCr DLBCL-NOS, p = 0.11).

MYC H-scores were elevated in BL, HGBL-NOS, and HGBL DH/TH cases. Five tFL
with MYCr had a high median MYC H-score of 170, and 2 DLBCL-NOS acquiring MYCr
had MYC H-scores of 150 and 5. Among 62 aLBCL non-MYCr, only 3 cases (5%) had MYC
H-scores over 100 (1 tFL with gains of MYC; 1 tMZL and 1 DLBCL-NOS with no MYC
alterations). Table 3 summarizes the results in MYCr and non-MYCr cases. Regarding cases
with gains of MYC identified by FISH, they occurred in 4 tFL (median MYC H-score, 70)
and 12 DLBCL-NOS (median MYC H-score, 30).
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Table 3. Characteristics of the whole series classified according MYC rearrangements.

Diagnosis MYC Rearranged (N = 20) MYC Non-Rearranged (N = 62)
tDLBCL 5/20 (25%) 8/62 (13%)
DLBCL-NOS 2/20 (10%) 54/62 (87%)
HGBCL-NOS 2/20 (10%) -
HGBCL DH/TH 9/20 (45%) -
BL 2/20 (10%) -
Nodal/Extranodal 14 (70%) /6 (30%) 44 (71%) /18 (29%)
CD10 expression 14/20 (70%) 29/62 (47%)
GCB-like/Non-GCB-like * 16 (80%) /4 (20%) 33 (53%) /29 (47%)
LMO2 GEP, median (Q1;Q3) 1301 (638; 2848.5) 1679.5 (1056; 5207.75)
LMO2 H-score, median (Q1;Q3) 5 (5; 37.5) 35 (5; 102.5)
LMO2 protein expression 6/20 (30%) 42/62 (68%)
MYC GEP, median (Q1,Q3) 5171 (3638; 6879) 1025.5 (804.25; 1688)
MYC H-score, median (Q1;Q3) 157.5 (72.5; 190) 30 (5; 56.25)
MYC protein expression 17/20 (85%) 17/62 (27%)

* Classified following Hans algorithm.

Among 43 patients diagnosed with DLBCL-NOS and treated with immunochemother-
apy, those with high LMO2 expression (defined by a cut-off LMO2 H-score over 15) exhib-
ited a median overall survival (OS) of 162 months and a 5-year OS of 100%, compared to
132 months and 57%, respectively, for cases with an LMO2 H-score below 15 (p = 0.016), as
per patients dying of lymphoma (Figure 4). In Cox regression survival analyses, including
the International Prognostic Index (IPI) and LMO2 H-score, both variables predicted the
OS (HR: 1.91, p = 0.02 and HR: 0.23, p = 0.05, respectively). The 5-year progression-free
survival was 58% and 80% (p = 0.2), respectively. The survival analyses including patients
dying of lymphoma or other causes showed similar results (Figure 4A—C).

" LMO2H-score>15 N=19 LMO2 H-score>15 N=17
N=43
! LMO2 H-score<15 N=24 LMO2 H-score<15N=22
=0.022 =
A P lc p=0.066
Time ‘ Time :
LMO2 H-score>15 N=19 LMO2 H-score>15 N=17
N=43
LMOQO2 H-score<15 N=24 LMO2 H-score<15 N=22
=0.016 =
D P | ¢ p=0.05

100 15( 200 ) 50 106

Time Time

Figure 4. Overall survival (OS) of 43 patients treated with immunochemotherapy censored by death
(A-C) and by death of lymphoma (D-F). OS analysis excluding 4 patients treated with R-CVP in each
category (C,F).

4. Discussion

In this study, our primary aim was to evaluate LMO2 mRNA expression in tissue,
an area with limited research. While there have been some investigations into MYC ISH
expression in normal tissue and lymphoma [20,21], the data on LMO2 and the correlations
described here are novel. Although the number of cases studied by GEP is limited, the
significant statistical results obtained after comparing the three different scoring systems
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evaluated between themselves and GEP indicate that LMO2 ISH is a valid method to
evaluate LMO2 mRNA expression in tissues. In addition, previous studies, undertaken
by our own group and others, have obtained similar findings when comparing LMO2
expression and MYC FISH results [10,11,22-24]. Interestingly, we identified varying levels
of LMO?2 expression within the normal GC, and high LMO2 expression appeared in the LZ
of the normal GC, compared with the DZ. This is a feature not captured by IHC and has been
shown in other studies evaluating GEP profiles of normal tissues and lymphoma [25,26]. A
feasible explanation for the LMO2 IHC and CISH dissociation in the GC may be related
to specific LMO2 and MYC functions. As both MYC and LMO?2 cause defects in the
repair of double-strand DNA breaks (DSB) [27,28], restraining LMO2 in the DZ may be
a useful mechanism to avoid increased DNA damage in MYC-exposed replicating cells
reentering from the LZ. In the normal GC, the downregulation of LMO?2 is lower than in
lymphomas, and the differences in the average lifespan between LMO2 mRNA and LMO2
protein, particularly in a high proliferation compartment such as the DZ, can be a plausible
reason to explain the differences in the sensitivity observed between IHC and CISH in the
normal GC.

We have also observed a remarkable decrease of LMO2 expression occurring in aLBCL
compared with normal expression in the GC, which is lower in tDLBCL from FL and GCB-
like DLBCL-NOS than in the other aLBCL with MYCr. Moreover, the inverse correlation
between normal LMO2 and MYC CISH expression, much more deregulated in aLBCL
carrying MYCr than MYC gains, was quantifiable by using H-scores. Although the precise
mechanisms underlying the interaction between LMO2 and MYC are not established, our
findings highlight the inverse relationship between them as identified by CISH. The oppos-
ing correlation between LMO2 expression and the presence of MYCr was already noted in
previous studies made by our group [10,11,22,29]. The association between both markers
from a protein level standpoint is not so strong because MYC protein overexpression does
not capture the presence of MYCr as well as the lack of LMO2 protein expression does. We
hypothesize that the downregulation of LMO2 may be a survival mechanism for the tumor
cells carrying MYCr. Because both MYC and LMO2 genes impair the pathways involved
in the repair of DSB, the silencing of LMO2 may be a mechanism to avoid spontaneous
apoptosis and higher susceptibility to chemotherapy in cases carrying high levels of DNA
damage. We have observed that some MYCr/LMO2+ aLBCL have a peculiar clinical behav-
ior, and patients carrying MYCr, even with additional BCL2/BCL6 rearrangements, show
very long survival after treatment. We reported this observation in our previous study,
and further studies may clarify this observation [10]. Additional mechanisms that may
explain the inverse expression between MYC and LMO2 may be related to the deregulation
of E2A/TCF3 in Burkitt lymphoma or BCL2/BCL6 in DLBCL with MYCr or may perhaps be
the result of the normal downregulation of LMO2 mRNA in the DZ of the germinal center
in lymphomas that arise in the DZ and show a DZ signature [30,31].

The survival analyses, although performed in a limited number of cases, captured the
favorable prognostic impact of high LMO2 mRNA expression identified in GEP and protein
studies [4-6,9]. It is known that cells expressing LMO2 are unable to properly repair their
genetic material and are more susceptible to being treated with chemotherapy and may
be vulnerable to PARP inhibitors as well. This mechanism, elegantly described in DLBCL,
may be also relevant in T-cell lymphoblastic leukemia, reinforcing the protective role of
LMO2 in hematological neoplasms [9,28,32].

5. Conclusions

In summary, our study demonstrates a reliable method for identifying LMO2 mRNA
expression using CISH, which effectively captures many of the reported biological features
of LMO2. Further studies may increase the understanding of LMO2 biology in aLBCL, as
well as in other blood and solid tumors, and may use the present novel technical approach
for this purpose to study LMO2 mRNA expression in tissue.



Cancers 2024, 16, 2378 10 of 11

Author Contributions: Conceptualization, N.P. and L.C.; methodology, N.P, L.V.,, X.R.,, D.L.-S., C.L.-
M., X.A.-M., M.S. and X.C.; software, D.F. and R.O,; validation, N.P, B.S.-G. and L.C.; formal analysis,
L.C.; investigation, N.P. and A.M.-A_; resources, L.C.; data curation, N.P,; writing—original draft
preparation, N.P. and L.C.; writing—review and editing, N.P., A.M.-A., I.V. and L.C.; visualization,
N.P, AM.-A, R.O. and ].Y,; supervision, L.C.; project administration, L.C.; funding acquisition, L.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fondo de Investigacion Sanitaria (FIS), Instituto de Salud
Carlos III, grants numbers PI17/313 (L.C.) and PI23/199 (X.C.).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Hospital del Mar Research Institute of
Barcelona (2017 /7481/1).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study
to use both clinical data and histological material.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.

Acknowledgments: We thank Lola Tobalina for her technical support in the analyses of H-scores.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Royer-Pokora, B.; Loos, U.; Ludwig, W.D. TTG-2, a New Gene Encoding a Cysteine-Rich Protein with the LIM Motif, Is
Overexpressed in Acute T-Cell Leukaemia with the t(11;14)(P13;Q11). Oncogene 1991, 6, 1887-1893. [PubMed]

Boehm, T.; Foroni, L.; Kaneko, Y.; Perutz, M.E; Rabbitts, T.H. The Rhombotin Family of Cysteine-Rich LIM-Domain Oncogenes:
Distinct Members Are Involved in T-Cell Translocations to Human Chromosomes 11p15 and 11p13. Proc. Natl. Acad. Sci. USA
1991, 88, 4367-4371. [CrossRef] [PubMed]

Yamada, Y.; Pannell, R.; Forster, A.; Rabbitts, T.H. The Oncogenic LIM-Only Transcription Factor Lmo2 Regulates Angiogenesis
but Not Vasculogenesis in Mice. Proc. Natl. Acad. Sci. USA 2000, 97, 320-324. [CrossRef] [PubMed]

Alizadeh, A.A.; Eisen, M.B.; Davis, R.E.; Ma, C.; Lossos, 1.S.; Rosenwald, A.; Boldrick, J.C.; Sabet, H.; Tran, T.; Yu, X.; et al.
Distinct Types of Diffuse Large B-Cell Lymphoma Identified by Gene Expression Profiling. Nature 2000, 403, 503-511. [CrossRef]
[PubMed]

Lenz, G.; Wright, G.; Dave, S.S.; Xiao, W.; Powell, J.; Zhao, H.; Xu, W.; Tan, B.; Goldschmidt, N.; Igbal, J.; et al. Stromal Gene
Signatures in Large-B-Cell Lymphomas. N. Engl. |. Med. 2008, 359, 2313-2323. [CrossRef] [PubMed]

Rosenwald, A.; Wright, G.; Chan, W.C.; Connors, ].M.; Campo, E.; Fisher, R.I.; Gascoyne, R.D.; Muller-Hermelink, H.K,;
Smeland, E.B.; Giltnane, ].M.; et al. The Use of Molecular Profiling to Predict Survival after Chemotherapy for Diffuse Large-B-
Cell Lymphoma. N. Engl. |. Med. 2002, 346, 1937-1947. [CrossRef] [PubMed]

Lossos, 1.S.; Czerwinski, D.K.; Alizadeh, A.A.; Wechser, M.A ; Tibshirani, R.; Botstein, D.; Levy, R. Prediction of Survival in Diffuse
Large-B-Cell Lymphoma Based on the Expression of Six Genes. N. Engl. ]. Med. 2004, 350, 1828-1837. [CrossRef] [PubMed]
Malumbres, R.; Chen, J.; Tibshirani, R.; Johnson, N.A.; Sehn, L.H.; Natkunam, Y.; Briones, J.; Advani, R.; Connors, J.M.;
Byrne, G.E,; et al. Paraffin-Based 6-Gene Model Predicts Outcome in Diffuse Large B-Cell Lymphoma Patients Treated with
R-CHORP. Blood 2008, 111, 5509-5514. [CrossRef] [PubMed]

Natkunam, Y.; Farinha, P.; Hsi, E.D.; Hans, C.P; Tibshirani, R.; Sehn, L.H.; Connors, ].M.; Gratzinger, D.; Rosado, M.; Zhao, S.; et al.
LMO2 Protein Expression Predicts Survival in Patients with Diffuse Large B-Cell Lymphoma Treated with Anthracycline-Based
Chemotherapy with and without Rituximab. J. Clin. Oncol. 2008, 26, 447-454. [CrossRef]

Vazquez, L; Papaleo, N.; Garcia, E.; Salido, M.; Salar, A.; Hernandez, S.; Calvo, X.; Colomo, L. Clinical Interest of LMO2 Testing
for the Diagnosis of Aggressive Large B-Cell Lymphomas. Cancers 2020, 12, 884. [CrossRef]

Vazquez, I.; Papaleo, N.; Lop, J.; Puiggros, A.; Sanchez-Gonzalez, B.; Diez-Feijoo, R.; Gimeno, E.; Andrade-Campos, M.; Salar, A.;
Espinet, B.; et al. Lack of Expression of LMO2 Clone SP51 Identifies MYC Rearrangements in Aggressive Large B-Cell Lymphomas.
Virchows Arch. 2021, 479, 1073-1078. [CrossRef]

Campo, E,; Jaffe, E.S.; Cook, J.R.; Quintanilla-Martinez, L.; Swerdlow, S.H.; Anderson, K.C.; Brousset, P.; Cerroni, L.; de Leval, L.;
Dirnhofer, S.; et al. The International Consensus Classification of Mature Lymphoid Neoplasms: A Report from the Clinical
Advisory Committee. Blood 2022, 140, 1229-1253. [CrossRef] [PubMed]

Alaggio, R.; Amador, C.; Anagnostopoulos, I.; Attygalle, A.D.; Araujo, I.B.d.O.; Berti, E.; Bhagat, G.; Borges, A.M.; Boyer, D.;
Calaminici, M.; et al. The 5th Edition of the World Health Organization Classification of Haematolymphoid Tumours: Lymphoid
Neoplasms. Leukemia 2022, 36, 1720-1748. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/1923511
https://doi.org/10.1073/pnas.88.10.4367
https://www.ncbi.nlm.nih.gov/pubmed/2034676
https://doi.org/10.1073/pnas.97.1.320
https://www.ncbi.nlm.nih.gov/pubmed/10618416
https://doi.org/10.1038/35000501
https://www.ncbi.nlm.nih.gov/pubmed/10676951
https://doi.org/10.1056/NEJMoa0802885
https://www.ncbi.nlm.nih.gov/pubmed/19038878
https://doi.org/10.1056/NEJMoa012914
https://www.ncbi.nlm.nih.gov/pubmed/12075054
https://doi.org/10.1056/NEJMoa032520
https://www.ncbi.nlm.nih.gov/pubmed/15115829
https://doi.org/10.1182/blood-2008-02-136374
https://www.ncbi.nlm.nih.gov/pubmed/18445689
https://doi.org/10.1200/JCO.2007.13.0690
https://doi.org/10.3390/cancers12040884
https://doi.org/10.1007/s00428-021-03091-9
https://doi.org/10.1182/blood.2022015851
https://www.ncbi.nlm.nih.gov/pubmed/35653592
https://doi.org/10.1038/s41375-022-01620-2
https://www.ncbi.nlm.nih.gov/pubmed/35732829

Cancers 2024, 16, 2378 11 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

De Jong, D.; Rosenwald, A.; Chhanabhai, M.; Gaulard, P; Klapper, W.; Lee, A.; Sander, B.; Thorns, C.; Campo, E.; Molina,
T.; et al. Immunohistochemical Prognostic Markers in Diffuse Large B-Cell Lymphoma: Validation of Tissue Microarray as a
Prerequisite for Broad Clinical Applications—A Study from the Lunenburg Lymphoma Biomarker Consortium. . Clin. Oncol.
2007, 25, 805-812. [CrossRef] [PubMed]

Hans, C.P.; Weisenburger, D.D.; Greiner, T.C.; Gascoyne, R.D.; Delabie, J.; Ott, G.; Muller-Hermelink, H.K.; Campo, E,;
Braziel, R-M.; Jaffe, E.S.; et al. Confirmation of the Molecular Classification of Diffuse Large B-Cell Lymphoma by Immunohisto-
chemistry Using a Tissue Microarray. Blood 2004, 103, 275-282. [CrossRef] [PubMed]

Ventura, R.A.; Martin-Subero, ].I.; Jones, M.; McParland, J.; Gesk, S.; Mason, D.Y.; Siebert, R. FISH Analysis for the Detection
of Lymphoma-Associated Chromosomal Abnormalities in Routine Paraffin-Embedded Tissue. J. Mol. Diagn. 2006, 8, 141-151.
[CrossRef] [PubMed]

Wang, F.; Flanagan, J.; Su, N.; Wang, L.C.; Bui, S.; Nielson, A.; Wu, X.; Vo, H.T.; Ma, XJ.; Luo, Y. RNAscope: A Novel in Situ RNA
Analysis Platform for Formalin-Fixed, Paraffin-Embedded Tissues. J. Mol. Diagn. 2012, 14, 22-29. [CrossRef] [PubMed]
Dominguez-Sola, D.; Victora, G.D.; Ying, C.Y; Phan, R.T.; Saito, M.; Nussenzweig, M.C.; Dalla-Favera, R. The Proto-Oncogene
MYC Is Required for Selection in the Germinal Center and Cyclic Reentry. Nat. Immunol. 2012, 13, 1083-1091. [CrossRef]
[PubMed]

Calado, D.P; Sasaki, Y.; Godinho, S.A.; Pellerin, A.; Kochert, K.; Sleckman, B.P.; De Alboran, .M.; Janz, M.; Rodig, S.; Rajewsky,
K. The Cell-Cycle Regulator c-Myc Is Essential for the Formation and Maintenance of Germinal Centers. Nat. Immunol. 2012,
13,1092-1100. [CrossRef]

Valentino, C.; Kendrick, S.; Johnson, N.; Gascoyne, R.; Chan, W.C.; Weisenburger, D.; Braziel, R.; Cook, J.R.; Tubbs, R,;
Campo, E.; et al. Colorimetric in Situ Hybridization Identifies MYC Gene Signal Clusters Correlating with Increased Copy
Number, MRNA, and Protein in Diffuse Large b-Cell Lymphoma. Am. . Clin. Pathol. 2013, 139, 242-254. [CrossRef]

Stasik, C.J.; Nitta, H.; Zhang, W.; Mosher, C.H.; Cook, J.R.; Tubbs, R.R.; Unger, ].M.; Brooks, T.A.; Persky, D.O.; Wilkinson,
S.T,; et al. Increased MYC Gene Copy Number Correlates with Increased MRNA Levels in Diffuse Large B-Cell Lymphoma.
Huaematologica 2010, 95, 597-603. [CrossRef] [PubMed]

Colomo, L.; Vazquez, I.; Papaleo, N.; Espinet, B.; Ferrer, A.; Franco, C.; Comerma, L.; Hernandez, S.; Calvo, X.; Salar, A.; et al.
LMO2-Negative Expression Predicts the Presence of MYC Translocations in Aggressive B-Cell Lymphomas. Am. J. Surg. Pathol.
2017, 41, 877-886. [CrossRef] [PubMed]

Chapman, J.; Verdun, R.E.; Lossos, I.S. Low LIM-Domain Only 2 (LMO2) Expression in Aggressive B Cell Lymphoma Cor-
relates with MYC and MYC/BCL2 Rearrangements, Especially in Germinal Center Cell-Type Tumors. Leuk. Lymphoma 2021,
62, 2547-2550. [CrossRef] [PubMed]

Liu, Y;; Bian, T.; Zhang, Y.; Zheng, Y.; Zhang, J.; Zhou, X,; Xie, ]. A Combination of LMO2 Negative and CD38 Positive Is Useful
for the Diagnosis of Burkitt Lymphoma. Diagn. Pathol. 2019, 14, 100. [CrossRef] [PubMed]

Massoni-Badosa, R.; Aguilar-Fernandez, S.; Nieto, J.C.; Soler-Vila, P; Elosua-Bayes, M.; Marchese, D.; Kulis, M.; Vilas-Zornoza, A.;
Biihler, M.M.; Rashmi, S.; et al. An Atlas of Cells in the Human Tonsil. Immunity 2024, 57, 379-399.e18. [CrossRef] [PubMed]
Milpied, P.; Cervera-Marzal, I.; Mollichella, M.L.; Tesson, B.; Brisou, G.; Traverse-Glehen, A.; Salles, G.; Spinelli, L.; Nadel, B.
Human Germinal Center Transcriptional Programs Are De-Synchronized in B Cell Lymphoma. Nat. Immunol. 2018, 19, 1013-1024.
[CrossRef] [PubMed]

Jin, Z.; May, W.S.; Gao, F; Flagg, T.; Deng, X. Bcl2 Suppresses DNA Repair by Enhancing C-Myc Transcriptional Activity. J. Biol.
Chem. 2006, 281, 14446-14456. [CrossRef] [PubMed]

Parvin, S.; Ramirez-Labrada, A.; Aumann, S.; Lu, X.Q.; Weich, N.; Santiago, G.; Cortizas, E.M.; Sharabi, E.; Zhang, Y,;
Sanchez-Garcia, I.; et al. LMO2 Confers Synthetic Lethality to PARP Inhibition in DLBCL. Cancer Cell 2019, 36, 237-249.e6.
[CrossRef] [PubMed]

Papaleo, N.; Climent, F,; Tapia, G.; Luizaga, L.; Azcarate, J.; Bosch-Schips, J.; Muioz-Marmol, A.M.; Salido, M.; Lome-Maldonado,
C.; Vazquez, I; et al. Round-Robin Testing for LMO2 and MYC as Immunohistochemical Markers to Screen MYC Rearrangements
in Aggressive Large B-Cell Lymphoma. Virchows Arch. 2023. [CrossRef]

Ott, G.; Rosenwald, A.; Campo, E. Review Article Understanding MYC -Driven Aggressive B-Cell Lymphomas: Pathogenesis
and Classification. . Am. Soc. Hematol. 2016, 122, 575-583. [CrossRef]

Alduaij, W.; Collinge, B.; Ben-Neriah, S.; Jiang, A.; Hilton, L.K.; Boyle, M.; Meissner, B.; Chong, L.; Miyata-Takata, T.;
Slack, G.W.; et al. Molecular Determinants of Clinical Outcomes in a Real-World Diffuse Large B-Cell Lymphoma Popula-
tion. Blood 2023, 141, 2493-2507. [CrossRef] [PubMed]

Latchmansingh, K.A.; Wang, X.; Verdun, R.E.; Marques-Piubelli, M.L.; Vega, E; You, M.].; Chapman, J.; Lossos, 1.S. LMO2
Expression Is Frequent in T-Lymphoblastic Leukemia and Correlates with Survival, Regardless of T-Cell Stage. Mod. Pathol. 2022,
35,1220-1226. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1200/JCO.2006.09.4490
https://www.ncbi.nlm.nih.gov/pubmed/17327602
https://doi.org/10.1182/blood-2003-05-1545
https://www.ncbi.nlm.nih.gov/pubmed/14504078
https://doi.org/10.2353/jmoldx.2006.050083
https://www.ncbi.nlm.nih.gov/pubmed/16645199
https://doi.org/10.1016/j.jmoldx.2011.08.002
https://www.ncbi.nlm.nih.gov/pubmed/22166544
https://doi.org/10.1038/ni.2428
https://www.ncbi.nlm.nih.gov/pubmed/23001145
https://doi.org/10.1038/ni.2418
https://doi.org/10.1309/AJCP2Z0TAGMUYJEB
https://doi.org/10.3324/haematol.2009.012864
https://www.ncbi.nlm.nih.gov/pubmed/20378577
https://doi.org/10.1097/PAS.0000000000000839
https://www.ncbi.nlm.nih.gov/pubmed/28288039
https://doi.org/10.1080/10428194.2021.1927020
https://www.ncbi.nlm.nih.gov/pubmed/33988072
https://doi.org/10.1186/s13000-019-0876-3
https://www.ncbi.nlm.nih.gov/pubmed/31484540
https://doi.org/10.1016/j.immuni.2024.01.006
https://www.ncbi.nlm.nih.gov/pubmed/38301653
https://doi.org/10.1038/s41590-018-0181-4
https://www.ncbi.nlm.nih.gov/pubmed/30104629
https://doi.org/10.1074/jbc.M511914200
https://www.ncbi.nlm.nih.gov/pubmed/16554306
https://doi.org/10.1016/j.ccell.2019.07.007
https://www.ncbi.nlm.nih.gov/pubmed/31447348
https://doi.org/10.1007/s00428-023-03584-9
https://doi.org/10.1182/blood-2013-05-498329
https://doi.org/10.1182/blood.2022018248
https://www.ncbi.nlm.nih.gov/pubmed/36302166
https://doi.org/10.1038/s41379-022-01063-1
https://www.ncbi.nlm.nih.gov/pubmed/35322192

	Introduction 
	Materials and Methods 
	Case Selection 
	Immunohistochemistry 
	Fluorescence and Chromogenic In Situ Hybridization (FISH and CISH) 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

