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Background: Galectin 3 (LGALS3) gene expression is associated with poor survival in acute myeloid leukemia
(AML) but the prognostic impact of LGALS3 protein expression inAML is unknown. LGALS3 supports diverse sur-
vival pathways including RAS mediated cascades, protein expression and stability of anti-apoptotic BCL2 family
members, and activation of proliferative pathways including those mediated by beta Catenin. CD74 is a positive
regulator of CD44 and CXCR4 signaling and this molecule may be critical for AML stem cell function. At present,
the role of LGALS3 and CD74 in AML is unclear. In this study, we examine protein expression of LGALS3 and CD74
by reverse phase protein analysis (RPPA) and identify new protein networks associatedwith these molecules. In
addition,we determine prognostic potential of LGALS3, CD74, and their protein networks for clinical correlates in
AML patients.
Methods: RPPA was used to determine relative expression of LGALS3, CD74, and 229 other proteins in 231 fresh
AML patient samples and 205 samples were from patients who were treated and evaluable for outcome. Pearson
correlation analysiswas performed to identify proteins associatedwith LGALS3 and CD74. Progeny clusteringwas
performed to generate protein networks. String analysis was performed to determine protein:protein interactions
in networks and to perform gene ontology analysis. Kaplan-Meir method was used to generate survival curves.
Findings: LGALS3 is highest in monocytic AML patients and those with elevated LGALS3 had significantly shorter
remission duration compared to patients with lower LGALS3 levels (median 21.9 vs 51.3 weeks, p=0.016). Pear-
son correlation of LGALS3with 230 other proteins identifies a distinct set of 37 proteins positively correlatedwith
LGALS3 expression levels with a high representation of proteins involved in AKT and ERK signaling pathways.
Thirty-one proteins were negatively correlated with LGALS3 including an AKT phosphatase. Pearson correlation
of proteins associated with CD74 identified 12 proteins negatively correlated with CD74 and 16 proteins that
are positively correlated with CD74. CD74 network revealed strong association with CD44 signaling and a high
representation of apoptosis regulators. Progeny clustering was used to build protein networks based on LGALS3
and CD74 associatedproteins. A strong relationship of the LGALS3networkwith the CD74 networkwas identified.
For AML patients with both the LGALS3 and CD74 protein cluster active, median overall survival was only
24.3 weeks, median remission duration was 17.8 weeks, and no patient survived beyond one year.
Interpretation: Thefindings from this study identify for thefirst time proteinnetworks associatedwith LGALS3 and
CD74 in AML. Each network features unique pathway characteristics. The data also suggest that the LGALS3 net-
work and the CD74 network each support AML cell survival and the two networks may cooperate in a novel
high risk AML population.
Fund: Leukemia Lymphoma Society provided funds to SMK for RPPA study of AML patient population. Texas
Leukemia provided funds to PPR and SMK to study CD74 and LGALS3 expression in AML patients using RPPA.
No payment was involved in the production of this manuscript.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
LGALS3
CD74
RPPA
Proteomics
Acute myeloid leukemia
a, Unit 0425, The University of
evard, Houston, TX 77030, USA.
lo),

. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2019.05.025&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2019.05.025
skornblau@mdanderson.org
Journal logo
https://doi.org/10.1016/j.ebiom.2019.05.025
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.ebiomedicine.com


Research in context
Evidence before this study

PubMed was used to search terms “galectin”, “Galectin 3”,
“LGALS3”, and CD74 alone and in combination with terms AML
and leukemia. We also used cBioPortal to investigate gene expres-
sion of LGALS3 and CD74 network proteins in TCGA AML
databases.

Added value of this study

Prior to our study there was no proteomic study on LGALS3 or
CD74 as prognostic factors alone or in the context of their active
networks. This study determines prognostic potential for
LGALS3, CD74, LGALS3 network, CD74 network, and combina-
tion of LGALS3/CD74 active networks in AML. The data identifies
for the first time an at risk AML population based on the proteomic
data.

Implications of all the available evidence

The data supports the use of new therapies to target LGALS3 and
CD74 for the particular AML populations where these molecules
impact survival.
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1. Introduction

Galectin 3 (LGALS3) is a beta-galactoside binding protein that partic-
ipates in diverse cellular processes that support cell growth and cell sur-
vival [1–9]. There are at least fourteen known galectin family members
of which ten are found in mammalian cells [1]. There are three families
of galectins based on structure but LGALS3 is unique in that it is the only
member of the chimeric group [1]. LGALS3 is the only galectin which
can form pentamers and this enables the galectin to form lattices and
thus participate in endocytotic processes [1]. LGALS3 is an excellent ex-
ample of a molecule that acts as a tumor promoter in the context of the
entire tumor microenvironment by promoting survival of malignant
cells, supporting metastasis, suppressing immune surveillance, and
modulating inflammatory expression of chemokines/cytokines [1–9].
LGALS3 supports cell survival by diverse mechanisms. The galectin has
been shown to associate with BCL2 via a NWGR motif common to
both proteins to help the anti-apoptotic molecule support mitochon-
drial integrity during stress challenge [7–9]. LGALS3 also supports cell
proliferation via theWNT signaling pathway. LGALS3 can bind beta Ca-
tenin and Axin and also supports beta catenin protein stability by pro-
moting Protein Kinase B (AKT) suppression of GSK3 beta [10–12].
LGALS3 is critical for RAS signaling and thus supportsMitogen Activated
Protein Kinase (MAPK) andAKT cascades [1,2,12–17]. LGALS3 positively
regulates BCL2 and MCL-1 gene and protein expression in AML cells by
supporting both ERK and AKT pathways [1,2,12–17]. Suppression of
LGALS3 by shRNA or with GCS-100 (an inhibitor of LGALS1 and
LGALS3) blocks both AKT and ERK signaling pathways [15,17].

LGALS3 regulated pathways are involved in expression of genes and
protein associated with cancer stem cells (CSC) and thus the galectin
likely supports CSC [9]. Recent data suggests that LGALS3 supports ma-
lignant cell survival in AML [6,15,18]. In a cohort of Taiwanese AML pa-
tients, Cheng and colleagues reported that elevated LGALS3 mRNA was
prognostic for poor survival outcome [18]. However, in that study the
impact of LGALS3 protein expression or associations of the galectin
with potential LGALS3 target proteins was not examined.

CD74 (also known as the invariant chain protein) is best known as a
chaperone for major histocompatibility (MHC) Class II molecules in-
volved in antigen presentation [19,20]. In addition to mediating MHC
Class II molecule endocytosis, CD74 protects these molecules from pro-
teolysis [19–21]. CD74 also hasMHC Class II independent functions that
involve the pro-inflammatory cytokine macrophage inhibitory factor
(MIF) and cell surface signaling molecules CD44 and CXCR4 [19–21].
CD74was found to bindMIF but CD74 alone is unable to initiateMIF sig-
naling which requires either CD44 or CXCR4 [19–23]. CD74 dependent
MIF signaling pathways include ERK, JNK, and AKT [24–27]. CD74 de-
pendent MIF signaling has been shown to suppress p53 function and
to activate NF kappa B [26,28]. Regulation of NF kappa B by the MIF/
CD74 axis may be critical for sustaining mitochondrial integrity [28].
CD74 is highly expressed in lymphocytes and macrophages and has
therefore been implicated as a target for CLL therapy [29,30]. CD74 has
been shown to play a role in AMLmicroenvironment though via stromal
cell derived CD74 [31]. Still, the role of CD74 in AML leukemic cells is un-
clear. A recent study by van Galen and colleagues using single cell anal-
ysis of gene expression in AML leukemic cell populations found that
CD74, though not prominent in normal myeloid cells, was expressed
at high levels in AML cells including primitive stem cells [32].

In the current study, we analyze the protein expression of LGALS3
and CD74 as well as 229 other proteins in AML blast cells derived
from 231 patients using a powerful proteomic tool, Reverse Phase Pro-
tein Analysis (RPPA). The LGALS3 and CD74 interactomes, including
novel associations revealed by the array was used to create networks
for both these proteins. A particularly prognostic interaction with high
activitywithin both the LGALS3 network and the CD74 networkwas re-
vealed. Our findings suggest that LGALS3 network alone is prognostic
for poor patient survival outcome and the network has a more potent
negative impact on patient survival when the LGALS3 network interacts
with the CD74 network. The data presented suggest strategies to target
LGALS3 and/or CD74 may prove useful for the therapy of AML.
2. Materials and methods

2.1. Patient samples

Peripheral blood and bone marrow specimens were collected from
511 patients with newly diagnosed AML evaluated at The University
of Texas M.D. Anderson Cancer Center (MDACC) between September
1999 andMarch2007. Sampleswere acquired during routine diagnostic
assessments in accordance with the regulations and protocols (Lab 01-
473) approved by the Investigational Review Board of MDACC.
Informed consent was obtained in accordance with the Declaration of
Helsinki. Samples were analyzed under and Institutional Review
Board–approved laboratory protocol (Lab 05–0654). Sample prepara-
tion was previously described [33–37]. Patient characteristics are listed
in Table 1 and Table 2.
2.2. Pathway analysis

String software (String 10.1; website: http://string-db.org)was used
to determine protein associations [38].
2.3. RPPA method

Proteomic profiling was done on samples from patients with AML
using RPPA. The method and validation of the technique are fully de-
scribed in previous publications [34–37]. Patient samples were printed
in five serial dilutions onto slides along with normalization and expres-
sion controls. Slides were probed with strictly validated primary anti-
bodies. Antibodies against 231 proteins were used for analysis (list
provided in refs. [34, 37]). An IgG subtype specific secondary antibody
was used to amplify the signal and finally a stable dye is precipitated.
The stained slides were analyzed using the Microvigene software
(Vigene Tech) to produce quantified data.

http://string-db.org


Table 1
Patient demographics by category.

Category Variables Total Normal High p Value

Number of cases 205 154 51 NA
Gender: Female 46.3% 48.1% 41.2% 0.394
Gender: Male 53.7% 51.9% 58.8%
AHD ≥ 2 Mo: Yes 31.2% 31.2% 31.4% 0.95
Prior Malignancy: Yes 16.6% 14.9% 21.6% 0.3
Prior Chemo: Yes 8.8% 7.8% 11.8% 0.41
Prior XRT: Yes 8.3% 5.8% 15.7% 0.027
Infection: Yes 27.8% 26.0% 33.3% 0.35
WHO Class: Not in other 60.5% 60.4% 60.8% 0.72
WHO class: Multilineage
Dysp

15.6% 14.3% 19.6%

WHO Class: therapy
related

8.3% 9.1% 5.9%

WHO Class: AML w Char
Gene Abnormality

15.6% 16.2% 13.7%

FAB: 0 5.9% 7.1% 2.0% b 0.0001
FAB: 1 12.7% 16.2% 2.0%
FAB: 2 33.2% 39.6% 13.7%
FAB: 4 28.3% 24.0% 41.2%
FAB: 5 12.2% 6.5% 29.4%
FAB: 6 2.0% 1.3% 3.9%
FAB: 7 2.4% 2.6% 2.0%
FAB: 8 2.9% 2.6% 3.9%
FAB: 10 0.5% 0.0% 2.0%
Cytogenetics: Favorable 10.7% 13.6% 2.0% 0.06
Cytogenetics:
Intermediate

46.3% 45.5% 49.0%

Cytogenetics: Unfavorable 42.9% 40.9% 49.0%
Response: CR 57.6% 55.8% 62.7% 0.31 for CR + PR vs resistant

and excluding FailResponse: PR 2.4% 3.2% 0.0%
Response: Resistant 30.2% 32.5% 23.5%
Response: Fail 9.8% 8.4% 13.7%
Alive 19.0% 21.4% 11.8% 0.11
Relapse: No 42.4% 48.8% 25.0% 0.036
Relapse: Yes 61.9% 57.0% 75.0%
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2.4. RPPA normalization and progeny cluster analysis

To determine relative protein expression patterns custom Reverse
Phase Protein Arrays (RPPA) with peripheral blood or bone marrow
samples from 511Adult AML patients and 10 normal CD34+bonemar-
row samples were created and probed with 231 validated antibodies.
For RPPA, supercurve algorithms were used to generate a single value
from thefive serial dilutions [34–37]. Loading control and topographical
Table 2
Patient demographics by continuous variables.

Continuous variable Normal High p Value

Age (years) Mean 58.5 60.6 0.84
WBC Mean 38.144 50.524 0.145791
Absolute Blast Count Median 5587 8164 0.96
BM Blast Mean 60.232 55.471 0.229959
BM Monocyte Mean 3.149 10.627 0.000026
PB Blast Mean 45.050 32.93 0.008398
PB MONO Mean 9.684 19.158 0.000212
PB PROM Mean 0.724 2.804 0.077415
HGB Mean 9.799 11.245 0.174850
PLT Mean 72.208 89.059 0.209900
LDH Mean 1808.071 2075.000 0.478537
Albumin Mean 3.317 3.175 0.193330
Bilirubin Mean 1.890 0.690 0.454687
Creatinine Mean 1.040 1.151 0.227295
Fibrinogen Mean 414.974 423.196 0.775193
CD13 Mean 76.728 68.678 0.074873
CD33 Mean 83.442 88.547 0.167026
CD34 Mean 52.772 27.898 0.000071
CD7 Mean 17.103 15.335 0.691007
CD10 Mean 4.556 8.502 0.115709
CD20 Mean 3.817 7.565 0.207067
HLA.DR Mean 77.487 75.845 0.715248
CD19 Mean 8.594 10.386 0.588748
normalization procedures accounted for protein concentration and
background staining variations. Analysis using unbiased clustering per-
turbation bootstrap clustering, and principle component analysis was
then done as fully described in a previous publication [34]. For cluster
analysis, methods were used as described in previous publications
[34–37]. As presented below, the range of expression was different de-
pending onwhether the samples were prepared from fresh vs. cryopre-
served cells. Consequently, analysis was restricted to only the fresh
samples. Proteins were divided into 31 Protein Functional Groups
(ProFnGrp) based on known associations. A progeny clustering algo-
rithm was used to determine the optimal number of protein clusters;
recognizing groups of patients with correlated protein expression pat-
terns. Principal component analysis (PCA) was done to map global dif-
ferences and similarities between protein clusters and normal CD34+
samples. Protein networks were constructed using literature associa-
tions and correlation within the data set. Associations between clinical
features, outcomes and signatures were determined. Hierarchical clus-
tering was performed on a compilation of all protein clusters into one
binary matrix to identify recurrent protein expression signatures that
comprised similar combinations of protein constellations. From this
we constructed a list of proteins that were over or under expressed in
each signature [37]. A website containing “Leukemia Profile Atlases” is
available at https://www.leukemiaatlas.org/.

Expression analysis of genes associated with LGALS3 and CD74 network
proteins in de novo AML – Gene expression data from the TCGA AML
data set derived from the 2013New England Journal ofMedicine publica-
tion is available using cBioPortal software [39–41]. The mRNA z-Scores
(RNA Seq V2 RSEM) compare expression distribution of genes of inter-
est in tumors that are diploid for the specific gene. Queries for LGALS3
were input using the TCGA AML 2013 New England Journal of Medicine
dataset with a Z threshold of 2.0. Using Enrichment search for mRNA,
comparison of LGALS3 was compared to genes from its RPPA network
as well as to CD74 and genes from the Cd74 network. Significant differ-
ences in expression are identified by q-values derived from Benjamini-
Hochberg procedure (see cBioPortal website; http://www.cbioportal.
org/, refs. 40, 41).

2.5. Protein expression and gene expression validation in LGALS3 AML cell
lines

OCI-AML3 cellswere the kind gift fromMarkMinden (Ontario Cancer
Institute; Toronto, Canada). THP-1 was obtained from ATCC (Manassas,
VA). LGALS3 knock downOCI-AML3 and THP-1 cell lineswere previously
described [15]. LGALS3 clone TRCN0000029308 targeting residues
606–626 on RefSeq NM_002306.3 was used. pLKO.1 control (plasmid
10879, Addgene, Cambridge, MA, USA) was used as negative control. In-
fected cells were selected with puromycin (Invivogen, San Diego, CA).
Knockdown was verified by western blot analysis and real time PCR.
For protein expression comparison in cell lines, immunoblot analysis
wasperformed. Cellswereboiled and sonicated in lysis buffer andprotein
(5 × 105 cell equivalents) was subjected to electrophoresis using SDS/
PAGE. Immunoblot analysis was performed with antibodies against
LGALS3 (Cell Signaling Technology, Beverly, MA), PPP2R2A/B/C/D
(Santa Cruz Biotechnology, Dallas, TX), ATG7 (Cell Signaling Technology,
Beverly,MA), andTubulin (SigmaAldrich, St. Louis,MO). Signalswerede-
tected by using the Odyssey Infrared Imaging System and quantitated by
Odyssey software version3.0 (both LI-CORBiosciences, Lincoln,NE,USA).
Tubulinwasused as a loading control. Real-timePCR (qRT-PCR)was used
to assess gene expression in the cell lines. qRT-PCRwas performed using
an QuantStudio 3 PCR System (Life Technologies). Triplicate 20 ul
reactions containing the equivalent of 7.5 ng total RNA were run
using TaqMan Gene Expression Assays (Life Technologies) as
directed by the manufacturer. Assays included ATG7 (Hs00197348_m1),
LGALS3 (Hs00173587_m1), ITGAL (Hs00158218_m1), CCND3
(Hs00236949_m1), PRKCA (Hs00176973_m1), PARP1 (Hs00242302_
m1), CD74 (Hs00269961_m1), MYC (Hs00153408_m1), CD44

https://www.leukemiaatlas.org/
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Fig. 1. LGALS3 is elevated in a population of AML patients particularly those with
monocytic AML. A) The range of LGALS3 protein expression in AML blast cells from 511
cases compared to normal counterpart CD34+ cells from 21 donors is shown stratified
by time of protein preparation (Fresh on the day of collection or later from viably
Cryopreserved cells). LGALS3 levels were significantly higher in cryopreserved cells
compared to freshly prepared protein. Therefore, only data from the fresh samples was
used for the rest of the analysis. Expression of LGALS3 in the fresh samples was
compared in AML samples grouped by FAB class (B) or cytogenetic category (C).
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(Hs01075862_m1), SSBP2 (Hs01044454_m1), PPP2R2A (Hs00953658_
m1), CLPP (Hs00195655_m1) and B2M (Hs00187842_m1). ABL1
(Hs01104728_m1) was used as an endogenous control. QuantStudio
Design and Analysis software (Life Technologies) was used to analyze
the data.

2.6. Statistical analysis

For outcomes analysis patients were divided into two groups based
on whether LGALS3 expression was within the range of the normal
CD34+ cells, or was above normal. Comparison of the protein levels be-
tweenpaired sampleswasdonebyperformingpaired t-test. Association
between protein expression levels and categorical clinical variables
were assessed in R using standard t-tests, linear regression, or mixed
effects linearmodels. Association between continuous variable and pro-
tein levels were assessed by using the Pearson and Spearman correla-
tion and linear regression. Bonferroni corrections were done to
account for multiple statistical parameters for calculating statistical sig-
nificance. The Kaplan-Meir method was used to generate the survival
curves. Univariate and multivariate Cox proportional hazard modeling
was done to investigate association with survival with protein levels
as categorized variables using the Statistica version 13.1 software
(StatSoft, Tulsa OK). Although the mutational status of some molecular
markers (NPM1, FLT3-ITD, DNMT3A and RASmutations) are known for
this dataset other more recently discovered prognostic markers
(e.g., ASXL1, TET2, CEBPα, Wilms Tumor 1) are not; therefore, the mul-
tivariate analysis did not contain all known AML prognostic markers.
Overall survival (OS) was determined based on the outcome of 205
newly diagnosed AML patients treated at UTMDACC and remission du-
ration was based on the 118 patients that achieved remission.

3. Results

3.1. LGALS3 levels are elevated in some AML patient cell samples compared
to normal CD34+ cells and are highest in monocytic leukemia patient

Levels of LGALS3 proteinwere significantly (p=0.001) higher in the
blast cells from the AML patients compared to normal CD34+ cells as
shown in the histogram in Fig. 1A with 24.8% above the upper limit of
the normal range (Fig. 1A). As mentioned above in “Materials and
Methods”, expression was different between protein made from fresh
cells compared to that made from cryopreserved cells, but did not differ
between blood and bone marrow blasts (Fig. 1A). Consequently the re-
mainder of the analysis was restricted to only the 231 fresh samples, of
which 205 were treated and evaluable for outcome.

The basic demographics of the normal range and high expression pa-
tients are shown in Tables 1 and 2. Patients with higher LGALS3 did not
differ in gender, age, history of an antecedent hematological disorder, or
World Health Organization classification (Table 1). Differences in
LGALS3 expression varied substantially between French-American-Brit-
ish (FAB) AML sub-types determined by class with above normal ex-
pression most common among those with monocyte containing
subtypes (M4 and M5, 70.6% vs 30.5%) and least common among
those with early myeloid subtypes (M0, M1 and M2, 17.7% vs. 62.9%)
(Table 1; Fig. 1B; p b 0.00001). Higher LGALS3 levels were also associ-
ated with significantly higher percentages of monocytes in the bone
marrow and peripheral blood, and therefore with a lower percentage
of blasts in the peripheral blood, however the absolute blast count did
not differ based on LGALS3 expression level (Table 2). There was no sta-
tistical difference in LGALS3 expression between AML populations
based on cytogenetic category although only 1 of 21 favorable cytoge-
netic cases had above normal LGALS3 expression (Fig. 1C; p = 0.42).
There were no differences in expression of LGALS3 among patients
with other mutations that were surveyed (i.e. NPM1, FLT3, RAS,
DNMT3A, IDH1 or IDH2; data not shown).
As shown in Table 1, patients with above normal LGALS3 were
slightly more likely to achieve remission (62.7% vs. 55.8%, p = 0.31).
Elevated expression had no impact on OS (Fig. 2A). However, compared
to those with normal range LGALS3, patients with higher than normal
LGALS3 were significantly more likely to relapse (75% vs 57%, p =
0.036; Table 1) and had significantly shorter remission duration (21.9
vs. 51.3 weeks, p = 0.016; Fig. 2B). The higher relapse rate and shorter
remission duration combined to make those with high LGALS3 have an
inferior OS (median 44.4 vs 114.6 weeks, p = 0.015) among patients
that achieved remission (Fig. 2C). LGALS3 level had no effect on OS
among those that were resistant (p=0.76; data not shown), or on sur-
vival after relapse (p=0.66; Fig. 2D) suggesting that it did not affect the
response to salvage therapy. Overall there was trend for a lower
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percentage of above normal LGALS3 patients to be alive at 8 years
follow-up (11.8% vs 21.4%, p = 0.11; Table 1).

3.2. LGALS3 levels correlate with a variety of signaling molecules in blast
cells from AML patients

RPPA was used to examine correlations of LGALS3 with 230 other
proteins. As shown in Fig. 3A, 68 of 231proteins showed statistically sig-
nificant (p b 0.0001, R N 0.25) correlation with LGALS3, with positive
correlation for 27 total and 10 phospho-proteins and negative correla-
tion for 24 total and 7 phospho-proteins. The strongest positive correla-
tion was with the autophagy protein ATG7. The phospho-proteins
positively correlated with LGALS3 included survival kinases such as
p-ERK (pY202/pY204), p-AKT (pT308), three phospho-protein variants
of PKC delta (i.e. pT507, pS645, and pS664), and p-PKC alpha (pS657)
(Fig. 3). LGALS3 expression also positively correlatedwith phosphoryla-
tion of the tyrosine kinase SRC (i.e. pY416 and pY527). The most nega-
tively correlated protein was Single Stranded DNA Binding Protein 2
(SSBP2) (Fig. 3). Among the other proteins negatively correlated with
LGALS3 was the members of the PP2A B55 family (PPP2R2A, PPP2R2B,
PPP2R2C, and PPP2R2D).

Protein network analysis was performed on the set of proteins asso-
ciated with LGALS3 using String software (String 10.1; website: http://
string-db.org; ref. 38). The network of LGALS3 proteins identified by
RPPA are highly associated with a protein:protein enrichment p value
b1.0e−16 (Fig. 4) by String. Numerous biological pathways (N = 588)
and KEGG pathways (N = 86) associated with LGALS3 network were
Fig. 2. LGALS3 expression is prognostic for poor survival outcome in someAMLpopulations. Kap
studied are presented. Kaplan Meir curvrves for overall survival among the AML patient pop
included.
identified using the String software. Data are presented in Supplemental
Table 1 and Supplemental Table 2, respectively. The top three biological
pathways identified are protein phosphorylation (GO.0006468), cell
surface receptor signaling pathway (GO.0007166), and regulation of
cellular protein metabolic process (GO.0032268). The top KEGG path-
way identified was PI3K-Akt signaling pathway (ID:4151) and proteins
associated with AML (ID:5221) was 6th (Supplemental Table 2). ErbB
signaling pathway (ID:4012) was 14th on the KEGG list. Though ErbB
signaling is not generally considered in AML, ErbB is shown to be
expressed in many of the AML samples in our cohort (data not
shown) and thus this pathway may be worth study in AML.
3.3. Suppression of LGALS3 in monocytic AML THP-1 cells induces expres-
sion of PP2A B subunit PPP2R2A

To assess whether LGALS3 acts directly on the various LGALS3 corre-
lated proteins identified by RPPA, we utilized THP-1 transductant cells
that express control shRNA (LKO) or LGALS3 shRNA that we have previ-
ously described [15]. At least in THP-1 cells, in most cases LGALS3 did
not regulate protein expression of many of the LGALS3 associated pro-
teins including ATG7, ITGAL, SSBP2, or ERG (Fig. 5; data not shown).
At present, it is not clear whether these proteins act to regulate
LGALS3 expression or if LGALS3 shares common regulators with these
proteins. However, one exception was the PP2A B subunit family
PPP2R2A/B/C/D. Suppression of LGALS3 resulted in near 2× fold in-
crease in expression of the PP2A B subunits (Fig. 5) which is consistent
lanMeir curves for overall survival (A) and remission duration (B) in the total AMLpatients
ulation that achieved complete remission (C) and for survival after relapse (D) are also

http://string-db.org
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Fig. 3. LGALS3 expression is correlated with a distinct set of proteins in AML. Pearson correlation (R N 0.25, P b 0.0001) of LGALS3 with other proteins measured identifies a distinct set of
positively and negatively associated proteins in the AML RPPA set (A).

Fig. 4. String analysis reveals LGALS3 correlated proteins are highly interconnected in AML. String analysis of RPPA identified proteins in Fig. 3 reveals a high degree of protein:protein
interaction (PPI) among the members of the LGALS3 network.
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Fig. 6. LGALS3 expression positively correlates with ATG7 and ITGAL and negatively
correlates with SSBP2 and ERG in AML. CBioportal software was used to compare
RNASeq measured gene expression of LGALS3 with ATG7, ITGAL, SSBP2, ERG, and other
genes (listed in Table 3) in AML samples in the TCGA dataset from ref. [39].
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with the negative correlation found between the proteins by RPPA
(Fig. 3).

3.4. Gene expressionmaydrive association of LGALS3with a number of pro-
teins identified by RPPA as part of the LGALS3 network

To determine if correlations of LGALS3 network proteins with
LGALS3 were similarly correlated with gene expression, we utilized
cBioPortal software (http://www.cbioportal.org/) to query the TCGA
AML database that derived from the 2013 New England Journal of Medi-
cine publication [39]. Of the top nine unmodified proteins that were
positively correlated with LGALS3 protein expression, expression of
genes for eight proteins (ATG7, ITGAL, MAP2K1, MAPK1, JMJD6,
CCND3, VASP, and PRKCA) were significantly higher (q value b0.05) in
AML cells with elevated LGALS3 expression in the TCGA database
(Fig. 6; Table 3).Expression of LCK was not correlated with LGALS3
(q value = 0.282; Table 3). Of the top nine unmodified proteins that
were negatively correlated with LGALS3 protein expression, expression
of genes for seven proteins (SSBP2, ERG, KIT, PPP2R2A, PARP1,MYC, and
TRIM24) were significantly lower (q value b0.05) in AML cells with ele-
vated LGALS3 expression (Fig. 6; Table 3). Expression of SMAD1 trended
lower in cells with elevated LGALS3 (q value=0.0726; Table 3). Expres-
sion ofNR4A1was actually higher in cells with elevated LGALS3 (q value
= 0.0399; Table 3). At present, it is not clear if LGALS3 regulates gene
expression of any of these genes, whether any of the network proteins
may serve as a regulator of LGALS3 gene expression, or whether there
is a yet unidentified common regulator to the genes in the LGALS3
RPPA network. To determine if LGALS3 may be involved in regulation
of the gene expression of the proteins most positively correlated with
LGALS3 expression, we utilized THP-1 cells that expressed control
lentiviral plasmid (LKO) and THP-1 cells that expressed LGALS3
shRNA. qRT-PCR analysis of cDNA generated from RNA from these
Fig. 5. Suppression of LGALS3 by shRNA in THP-1 induces PPP2R2A/B/C/D expression but
not ATG7. Protein lysates from control THP-1 (LKO) or THP-1 expressing LGALS3 shRNA
were subject to electrophoresis and immunblot analysis performed. Antibodies against
Tubulin, LGALS3, PPP2R2A/B/C/D, and ATG7 were used. Densitometry using LiCor
software was performed and ratio of protein relative to Tubulin assessed relative to LKO
THP-1 are listed.
cells revealed that there was 90% reduction of LGALS3 expression by
the shRNA (Fig. 7). However, suppression of LGALS3 did not result in a
major alteration of expression of ATG7, ITGAL, CCND3, PRKCA, PARP1,
Table 3
Correlation of expression of LGALS3 network genes with LGALS3 in AML utilizing the
RNASeq data in ref. [39]. The mRNA levels were measured by RNA Seq and the statistics
used were q values derived from Benjamini-Hochberg procedure using CBioPortal soft-
ware (described in refs. [40, 41]).

Genes from Positive
Correlation Group

q value relative to LGALS3
expression

Significant

ATG7 5.716 e−5 Yes
ITGAL 4.338 e−3 Yes
JMJD6 0.0202 Yes
MAPK1 0.0232 Yes
CCND3 5.289 e−4 Yes
VASP 6.601 e−5 Yes
PRKCA 3.085 e−5 Yes
LCK 0.282 No
Genes from Negative
Correlation Group

q value relative to LGALS3
expression

Significant

SSBP2 9.399 e−3 Yes
ERG 0.0147 Yes
PPP2R2A 1.30 e−4 Yes
KIT 1.190 e−3 Yes
MYC 8.643 e−3 Yes
TRIM24 0.0245 Yes
PARP1 1.305 e−4 Yes
NR4A1 0.0399 Yes (but level is

higher)
SMAD1 0.0726 No
Genes from CD74 network q value relative to LGALS3

expression
Significant

CD74 0.192 No
CD44 0.0390 Yes

http://www.cbioportal.org/
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MYC, SSBP2, or PPP2R2A (Fig. 7). At least in THP-1 cells, LGALS3 is not a
direct regulator of any of these genes.

“Active” LGALS3 levels are associated with poor survival characteristics.
Protein clusters in AML have been identified using RPPA profiles and
bioinformatics data that groups these clusters by function, phenotype,
and other parameters [33–37]. Since LGALS3 function varies depending
on cellular location aswell as the availability of potential targets, a more
accurate assessment of LGALS3 contribution to survival will likely rely
on “activity” of the galectin. The correlation studies identify a distinct
set of proteins that are associated with LGALS3 (Fig. 3). Protein cluster-
ing analysis was performed as described in “Materials and Methods”.
LGALS3 cluster was compared with a number of different protein clus-
ters built using the RPPA data on this AML patient cohort [37]. Of the
protein clusters analyzed, a relationship was found between LGALS3
cluster and a cluster involving the CD74 protein (Fig. 8). As shown in
Fig. 8, clusters with LGALS3 active alone, or where LGALS3 and CD74
are both active, display elevated levels of LGALS3 with concomitant
elevated expression of the LGALS3 positively correlated proteins and re-
duced expression of the LGALS3 negatively correlated proteins which
were identified by RPPA and listed in Fig. 3. As shown in Fig. 8, in the co-
hort with active LGALS3 and CD74 active, expression of CD74 itself and
some of the components in the CD74 network including CLPP, CD44,
and Osteopontin (SPP1) are highly expressed compared to the normal
state AML cohort. As shown in Fig. 9A, there is a difference in OS and re-
mission duration between patients with normal state protein clustering
and patients with “active” LGALS3. Compared to normal state patients,
patients with “active” LGALS3 had shorter OS (36.6 versus 48.6 weeks,
respectively; Fig. 9A) and shorter remission duration (20.4 versus
80.7 weeks, respectively; Fig. 9B). Patients with active CD74 network
alone had a similar survival experience (Fig. 9A) but did exhibit a
slightly shorter remission duration compared to the normal-like state
patients (54.7 versus 80.7 weeks, respectively; Fig. 9B). For patients
where both LGALS3 and CD74 are “active”, these patients display a
very poor overall survival with no patients surviving beyond one year
(24.3 versus 48.6weeks for normal state patients; Fig. 9A). A similar ad-
verse effect of “active” LGALS3 and “active” LGALS3 and CD74 was ob-
served on remission duration (Fig. 9B). Patients with “active LGALS3
had shorter remission duration with a much lower percentage survival
compared to patients with normal state protein clusters (17.6 versus
80.7 weeks, respectively; Figure 9B). AML patients with “active”
LGALS3 and “active” CD74 displayed a very short remission duration
with no patients remaining in remission beyond six months. These
data suggest an active LGALS3 network influences AML patient survival
especially if CD74 network is also active.
Fig. 7. Suppression of LGALS3 does not alter gene expression of LGALS3 network protein
genes or CD74 in THP-1 cells. RNA from THP-1 transductant cells with either LKO vector
control shRNA or LGALS3 shRNA was isolated, cDNA produced, and mRNA levels of
ATG7, LGALS3, ITGAL, CCND3, PRKCA, PARP1, CD74, MYC, CD44, SSBP2, PPP2R2A, CLPP, and
B2M were determined by qRT-PCR and levels normalized to ABL-1 as described in
“Materials and methods”.
3.5. CD74 protein expression in AML blast cells correlate with regulators of
cell survival

With the AML patient samples used for LGALS3 analysis, protein ex-
pression levels of CD74 in fresh and cryo frozen AML blast cells were
compared to normal CD34+ cells by RPPA. Levels of CD74 protein
were higher in 24.6% of the fresh blast cells from the AML patients com-
pared to normal CD34+ cells as shown in the histogram in Fig. 10A.
Next we determined correlation of CD74 with the other 230 proteins
in our RPPA panel. Pearson correlation of proteins associated with
CD74 identified 12 proteins negatively correlated with CD74 and 16
proteins that are positively correlated with CD74 (Fig. 10B). The stron-
gest proteins correlated with CD74 are SPP1, CLPP, and CD44
(Fig. 10B). CD44 association is consistent with CD74 regulatory role
of CD44 signaling [19–21,42,43]. Association of CD74 with the mito-
chondrial protease CLPP is unknown. CLPP however is emerging as
an important survival molecule in AML [44]. Also positively corre-
lated with CD74 is Exportin 1(XPO1 also known as CRM1) which
has been shown to have an adverse prognostic impact arising from
its pro-survival functions in AML cells [45]. The proteins with the
strongest negative correlation with CD74 are cleaved Caspase 9 and
MDM2.

String analysis was performed on the network of proteins associated
with CD74 by RPPA and this network was also highly associated with a
protein:protein enrichment p value b1.0e-16 (Fig. 11). Many biological
pathways (N = 535) and KEGG pathways (N = 83) were associated
with CD74 network using String software (data are presented in Sup-
plemental Table 3 and Supplemental Table 4, respectively). Many of
the biological pathways identified are associated with immune regula-
tion with four of the top ten including regulation of immune response
(GO.0050776; 2ndon list), immune response-regulating signalingpath-
way (GO.0002764; 6th on list), innate immune response (GO.0045087;
7th on list), and immune response-reg. cell surface receptor sig. path-
way (GO.0002768; listed 10th on list).

The top KEGG pathway identified was Pathways in cancer (5200),
with MicroRNAs in cancer (5206) listed 4th, and PI3K-Akt signaling
pathway (4151) listed 5th.

4. Discussion

The current study represents the first proteomic analysis of LGALS3
and its potential network partners in AML. The previous study of
LGALS3 mRNA expression from the Taiwan group suggested important
prognostic potential of LGALS3 for poor survival outcome, but that study
did not include other proteins that could potentially interact with
LGALS3 in various biologic pathways [18]. LGALS3 is elevated in AML
cells versus normal counterpart cells and is highest in monocytic AML
cells (Fig. 1A and B). Measured alone, LGALS3 protein expression was
important for OS in patients that achieved remission (Fig. 2A). These re-
sults are consistentwith the RNAdata reported byCheng and colleagues
[18]. The strong association between LGALS3 level and higher relapse
rates and shorter remission duration, combinedwith the lack of an asso-
ciation between LGALS3 level and the rate of initial remission attain-
ment, or the response to reinduction therapy, suggests a biologically
unique effect for this protein. LGALS3 levels do not appear to affect
chemosensitivity, but since high levels are associated with relapse,
this suggests that the protein is functioning to promote leukemic cell re-
covery and regrowth after therapy. This suggests that anti-LGALS3 ther-
apy might have more utility as a maintenance strategy in remission as
opposed to being useful for reversing chemoresistance during induction
and consolidation therapy. Maintenance therapy is generally not con-
sidered useful in AML, but this data suggests a maintenance therapy ap-
proach worth evaluating in the quarter of AML patients with high
LGALS3 levels.

RPPA identified a distinct set of proteins associated with LGALS3 ex-
pression in the AML patients (Fig. 3). LGALS3 is associated with active



Fig. 8. Progeny clustering identified an optimal number of 4 distinct protein clusters for this ProFnGrp. Protein networkswere generated and showed interactions between “core-proteins”
(large nodes) and other probed proteins (small nodes) from the data set. Clustering method has been described in our previous publication (ref. [37]) and further information on these
protein networks can be found on our website “Leukemia Profile Atlases”, available at https://www.leukemiaatlas.org/. Progeny clustering identified one protein cluster with expression
similar to that of the normal CD34+ samples which was designated as “normal-state” while three “leukemia-specific” protein patterns characterized by high expression individually of
CD74, LGAL3, and a fourth state with both on.

134 P.P. Ruvolo et al. / EBioMedicine 44 (2019) 126–137
AKT andMAPK signaling. The protein with the strongest positive corre-
lationwith LGALS3 iswith ATG7, an autophagy protein that has recently
been implicated inmaintaining hematopoietic stem cells and serving as
a survival factor in AML [46,47]. Recent studies implicate LGALS3 in reg-
ulation of autophagy via autophagasome formation, though whether
themechanism involves ATG7 is not clear [48]. Interestingly, phosphor-
ylated PKC delta was positively correlated with LGALS3. PKC delta is
viewed as a pro-stress kinase but recent studies suggest that the en-
zyme has pro-survival properties [49–51]. Kinehara and colleagues sug-
gest that PKC delta may act in human pluripotent stem cells as part of a
mechanism to regulate stem cell renewal [52]. The data also suggest a
novel relationship between LGALS3 and PP2A. The negative correlation
Fig. 9. Active LGALS3 and CD74 networks are associated with poor survival in AML patients. Ka
survival (A) and remission duration (B).
of LGALS3 expression with PPP2R2A/B/C/D could reflect LGALS3 sup-
pression of PP2A. The PP2A isoform containing PPP2R2A dephosphor-
ylates both AKT and PKC alpha [53]. Thus, potential suppression of
the PP2A subunit by LGALS3 could account for elevated AKT and
PKC alpha phosphorylation in samples where LGALS3 expression is
elevated. Induction of PPP2R2A protein (Fig. 5) but not gene expres-
sion (Fig. 7) in THP-1 cells expressing LGALS3 shRNA suggests that
LGALS3 acts directly on the PP2A subunits via a post-transcriptional
mechanism in these cells. The TCGA data (Table 3) however suggests
that there is a positive correlation between gene expression of
LGALS3 and PPP2R2A suggesting that a common pathway may regu-
late the two genes.
plan Meir curves of AML patient populations defined by groups in Fig. 4 measuring overall

https://www.leukemiaatlas.org/


Fig. 10. CD74 is elevated in AML patients associated with a distinct set of proteins in AML. A) The range of CD74 protein expression in AML blast cells from 511 cases compared to normal
counterpart CD34+ cells from 21 donors is shown stratified by time of protein preparation (Fresh on the day of collection or later from viably Cryopreserved cells). Like LGALS3, CD74
levels were significantly higher in cryopreserved cells compared to freshly prepared protein. Like LGALS3, only data from the fresh samples was used for the rest of the analysis. (B)
Pearson correlation of CD74 with other proteins measured identifies a distinct set of associated proteins in the AML RPPA set.

Fig. 11. String analysis reveals CD74 correlated proteins are highly interconnected in AML. String analysis of RPPA identified proteins in Fig. 10B reveals a high degree of protein:protein
interaction (PPI) among the members of the CD74 network.
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PPP2RA/B/C/D was the only LGALS3 network protein demonstrated
to be directly regulated by LGALS3 in the THP-1 cells (Fig. 5). In our pre-
vious study we saw potent suppression of AKT signaling by LGALS3 in-
hibition, so perhaps themechanism involves LGALS3 suppression of the
AKT phosphatase [15]. However, we did not see suppression of LGALS3
affect other network proteins in the THP-1 cells (data not shown). The
role of other galectins such as LGALS1 in AML biology is not clear.
LGALS1may substitute for some LGALS3 functions particularly those in-
volved in survival pathways as knock down of either LGALS1 or LGALS3
sensitized AML cells to BH3 mimetic drugs [15]. The failure of LGALS3
suppression to affect many of the RPPA identified proteins with the ex-
ception of PPP2R2A/B/C/D (Fig. 5) may reflect LGALS1 activity in these
cells that may not be present in the primary AML cells. It is possible
thatmany of the LGALS3 network proteins act to regulate LGALS3 rather
than being regulated by the galectin. It is also possible that LGALS3 and
some of the LGALS3 network proteins are subject to regulation by a yet
unidentified common regulator(s). Further examination of the mecha-
nism regulating the LGALS3 network is ongoing.

Network analysis from the data identifies a new extremely poor
prognosis group based on the interaction between the LGALS3 and
CD74 associated protein networks revealing potential biological path-
ways that may be critical in supporting AML cell survival. AML patients
with both networks active are 8.5% of patients in the study (Fig. 9A) and
thus this group may represent a sizeable population of AML patients. It
is possible the two proteins regulate independent survival pathways
that may have a synergistic effect on survival when both are active.
The top ten biological processes associated with LGALS3 network in-
clude processes associated with cell metabolism (GO:0031325;
GO:0032268; and GO:0032270), cell migration (GO:0030355), and re-
sponse to growth factor stimulus (GO:0071363) and response to chem-
ical stimulus (GO:0070887) (Supplemental Table 1). While it is unclear
how LGALS3 might mechanistically influence leukemic cell recovery
and growth after therapy, perhaps regulation of these cellular processes
are important in addition to thewell documented role of LGALS3 in reg-
ulation of cell cycle and cell proliferation [1,2,13,14]. Many of the CD74
network associated biological processes involved immune regulation
(Supplemental Table 3) though it is unclear if CD74 network regulates
potential immune response in AML. Many of the CD74 network associ-
ated biological processes did include those involved in regulation of cell
death and apoptosis (Supplemental Table 3). Of the 31 proteins corre-
lated with CD74 expression, 19 are associated with the biological path-
way regulation of cell death (GO.0010941) and 16 are associated with
the biological pathway negative regulation of apoptotic process
(GO.0043066). The raises the question ofwhat the cross-talk is between
the LGALS3 and CD74 networks? Gene expression analysis of CD74,
CD44, and CLPP in the THP-1 LKO cells versus THP-1 cells with LGALS3
shRNA showed no or only slight changes in these genes (Fig. 7). Protein
expression of CD74, CD44, and CLPP were similar in THP-1 LKO and
THP-1 LGALS3 shRNA cells (data not shown). While LGALS3 supports
AKT activation via RAS, CD74 would be expected to support AKT via
MIF mediated signaling involving CD44 and/or CXCR4 [19–27]. Though
the functional roles of LGALS3 and CD74 in this process are very differ-
ent, each network would contribute to activation and perhaps may ex-
plain why patients with both active networks do so poorly (Fig. 9A
and B). Unfortunately, CXCR4 is not represented in the RPPA panel
due to lack of validated antibody. However, CD44 is present and inter-
estingly is most elevated in patients with active LGALS3 network and
CD74 network (Fig. 8). LGALS3 has been shown to be critical for CD44
endocytosis so LGALS3 would be expected to promote CD44 surface ex-
pression [54]. In AML cellswith LGALS3 supported CD44 surface expres-
sion, CD74would be predicted to augment signalingmediated by CD44.

LGALS3 is well known as an immune regulatory molecule that sup-
presses host anti-tumor immune surveillance by diverse mechanisms
[1,2,55]. LGALS3 blocks or at least dampens immune cell function by re-
ducing surface expression of glycosylated T cell receptor in T cells and
preventing NK cell receptor binding to antigen [1,2]. LGALS3 has
emerged as a critical component in MSC in AML patients to impact re-
sponse to therapy [56]. It is likely that LGALS3 secreted from MSC and
other support cells in the AML microenvironment negatively impacts
immune surveillance in AML patients. It is yet to be determined if
LGALS3 derived from the leukemia cells plays a role as an immune re-
sponse inhibitor in AML.

LGALS9 is emerging as an important immune checkpoint inhibitor
molecule as a TIM-3 binding partner [2,57]. LGALS9 also regulates T
cell function as a CD44 binding partner [58]. Whereas LGALS3 binding
to CD44 promotes metastasis, LGALS9 binding to CD44 suppresses this
process [59,60]. Future RPPA studies to determine the role of LGALS9
and galectins other than LGALS3 are warranted.

For the first time, an at risk AML population has been found that is
associated with active LGALS3 and active CD74 networks (Fig. 9A and
B). At present, it is unclear which if any proteins within the LGALS3 or
CD74 networks is driving this phenomenon. CD44, SPP1, and CLPP are
highly induced in the patient cohort with both networks active com-
pared to patients with normal-like state (Fig. 8). CD44 would be as-
sumed to be working via the CD74/CD44 axis [19–21]. SPP1 has
recently been shown to be an important component in maintaining
the tumor microenvironment in AML [61]. SPP1 is known to interact
with various integrins and LGALS3 is a regulator of integrin function
so perhaps integrin-mediated signaling is involved [1,2,62].

In summary, RPPA has revealed that LGALS3 is frequently elevated in
AML patients especially those with monocytic leukemia. LGALS3 is
prognostic as a single factor and in an active network is prognostic for
shorter remission duration. A novel association of LGALS3 with CD74
has been found and AML patients with active LGALS3 and CD74 net-
works do extremely poorly. These results suggest that therapeutic strat-
egies to target LGALS and/or CD74 should bemodeled and studied in the
laboratory. Therapeutic antibodies against CD74 such as Milatuzumab
have been used in the clinic for various lymphoid leukemias, lymphoma,
and multiple myeloma [29,30,63]. Targeting of LGALS3 by GCS-100 has
been studied pre-clinically in many cancers including MM, AML, and
K-RAS addicted solid tumor [15–17]. Specific LGALS3 inhibitory mole-
cule GR-MD-02 is in the clinic for fibrosis [64]. An arsenal of agents to
target CD74 and LGALS3 are available.

In summary, we have found that LGALS3 protein expression is prog-
nostic for poor survival outcome which is consistent with RNA data
from a previous study [18]. We have for the first time identified a
LGALS3 protein network that is associated with poor outcome in AML
patients, especially when the CD74 network is active. LGALS3 appears
to be an upstream negative regulator of PP2A B subunit PPP2R2 family
which suggests that the galectin has a role in inhibition of PP2A tumor
suppressor function. In addition, we have found that CD74 may play
an important role in AML cell survival, particularly in pathways involv-
ing CD44. Hopefully the data presented here will encourage the clinical
development of agents to target LGALS3 and CD74 to benefit AML and
other cancer patients where LGALS3 and CD74 networks are active.
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