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Abstract

Long non-coding RNAs (IncRNAs) have been found to play a role in gene regulation with
dysregulated expression in various cancers. The precise role that INcRNA expression plays in the
pathogenesis of B-acute lymphoblastic leukemia (B-ALL) is unknown. Therefore, unbiased
microarray profiling was performed on human B-ALL specimens and it was determined that
IncRNA expression correlates with cytogenetic abnormalities, which was confirmed by RT-gPCR
in a large set of B-ALL cases. Importantly, high expression of BALR-2 correlated with poor
overall survival and diminished response to prednisone treatment. In line with a function for this
IncRNA in regulating cell survival, BALR-2 knockdown led to reduced proliferation, increased
apoptosis, and increased sensitivity to prednisolone treatment. Conversely, overexpression of
BALR-2 led to increased cell growth and resistance to prednisone treatment. Interestingly,
BALR-2 expression was repressed by prednisolone treatment and its knockdown led to
upregulation of the glucocorticoid response pathway in both human and mouse B-cells. Together,
these findings indicate that BALR-2 plays a functional role in the pathogenesis and/or clinical
responsiveness of B-ALL and that altering the levels of particular IncRNAs may provide a future
direction for therapeutic development.

Implications—IncRNA expression has the potential to segregate the common subtypes of B-
ALL, predict the cytogenetic subtype, and indicate prognosis.
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INTRODUCTION

The advent of high-throughput techniques to study gene expression has led to the
recognition that nearly 30-50% of the human genome is transcribed, and non-coding RNA
represents a significant portion of this transcriptome (1,2). Perhaps the clearest example of
functional non-coding RNA is microRNA (miRNA), which are dysregulated in cancer
(reviewed in (3)). In oncogenesis, individual miRNAs have been found to act as either tumor
suppressor genes or oncogenes, based on our work and that of others. A new addition to the
repertoire of non-coding RNAs is long non-coding RNAs (IncRNASs) (4). These RNASs are
frequently found in intergenic regions, lack open reading frames, and have been detected in
the transcriptome by high-throughput technologies (4,5). Although several classes of hon-
coding RNA species are being described, IncRNAs are unique in that there are epigenetic
marks in their promoter regions (H3K4me3) and along transcribed regions (H3K36me3),
identifying them as unique gene structures (6). At the molecular level, IncRNAs regulate
gene expression via transcription, repress microRNA activity by competitive binding,
regulate splicing and activate transcription (7-12). At the cellular and organismal level,
IncRNAs have been implicated in physiological processes, such as maintenance of
embryonic stem cells and erythroid development during hematopoiesis (13-18). Extending
their putative roles to pathologic conditions, prior studies have examined INcRNA
expression in cell lines as well as in epithelial malignancies, finding dysregulated expression
(19).

Given that many hematopoietic malignancies result from mutations that cause dysregulation
of gene expression, we reasoned that IncRNAs may play a role in the pathogenesis of these
malignancies. Recent studies have demonstrated dysregulation of certain INcRNAs in
hematopoietic malignancies, but the majority of these studies were relatively limited in their
scope (reviewed in(20)). Amongst malignancies arising from hematopoietic precursors, B-
acute-lymphoblastic leukemia (B-ALL), a malignancy of precursor B-cells, has previously
been shown to harbor mutations and translocations resulting in dysregulated gene expression
(21). Much progress has been made in understanding the molecular pathogenesis of B-ALL,
including the role of chromosomal translocations. It is now well-recognized that commonly
observed recurrent chromosomal abnormalities have distinct pathogenetic and prognostic
implications (21,22). However, to date, there has been no understanding of how IncRNAs
may participate in the pathogenesis of this disease. Hence, we undertook a comprehensive
study examining INCRNA expression in B-ALL, examining correlations with
clinicopathologic parameters, and querying the functional consequences of IncRNA
expression.

Here, we found that overall INcRNA expression corresponds with specific cytogenetic
abnormalities in B-ALL and that a subset of INCRNASs could correctly predict the
cytogenetic subtype of B-ALL amongst the three most common abnormalities. We termed
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these B-ALL associated long RNAs (BALRs). The four most differentially regulated
IncRNAs were mapped to their chromosomal locations and transcripts originating from
these genomic loci were sequenced. Interestingly, high expression of one INCRNA, BALR-2,
was correlated with a poor patient response to prednisone and worse overall survival.
Knockdown of BALR-2 caused an increase in apoptosis of B-ALL cell lines alone and in
combination with prednisolone. Interestingly, BALR-2 was repressed when human B-ALL
cell lines were treated with prednisolone. Gene expression analyses of cells with knockdown
of BALR-2 revealed activation of several genes involved in the response of B-cells to
glucocorticoid receptor engagement. Lastly, the expression of BALR-2 in B-ALL cell lines
with low basal expression of this INCRNA led to resistance to prednisolone treatment and
concordant changes in gene expression. Together with our observation that BALR-2 is
repressed by prednisolone treatment, our findings indicate a novel role for a non-coding
RNA as a modulator of a treatment response. These data represent some of the first insights
into long non-coding RNA expression in B-ALL and reveal that they play a role in
pathogenesis, disease severity, and measurement/alteration of their levels may be useful in
prognosis and/or treatment of this disease, respectively.

MATERIALS AND METHODS

Patients and samples

The patient cohort consisted of 160 children consecutively admitted to the Pediatric
Oncologic Department at the University of Padua, Italy, from 2000 to 2008 with the
diagnosis of B-ALL. Following analysis for RNA quality, we had a total of 44 patients for
the microarray studies (cytogenetic information only) and 93 patients for RT-gPCR studies
(comprehensive clinicopathologic information; See Supp Methods and Table 1). For the
initial microarray studies, we utilized 20 patients (7 patients t(4;11) MLL rearranged, 6
t(12;21) TEL-AML1 translocated and 7 t(1;19) E2A-PBX translocated). For validation
microarrays, an additional 24 samples were hybridized (n=7 patients for each translocation).
For independent validation by RT-gPCR, we utilized 93 samples of de novo B-ALL without
selection criteria. For each case, we had data on the following clinicopathological
parameters: cytogenetic markers, immunophenotype, age, risk stratification by minimal
residual disease (23), response to prednisone, occurrence of recurrence/relapse, time to
recurrence/relapse, overall survival, and time to death. Peripheral blood mononuclear cells
derived from anonymized donors were obtained from the Center for AIDS Research
Virology Core Lab at UCLA, and the Flow Cytometry and Bone Marrow Lab at the
Department Pathology and Laboratory Medicine. All procedures were approved by the local
institutional review boards, and the study was considered exempt from review at UCLA.

Microarray data analysis

Agilent SurePrintG3 Human GE 8x60K microarrays (product # G4851A,; http://
www.genomics.agilent.com/article.jsp?crumbAction=push&pageld=1516) were hybridized
at the Caltech microarray core facility. These arrays target 27,958 Entrez Gene RNAsS, based
on RefSeq Build 36.3, Ensemble Release 52, Unigene Build 216, GenBank (April 2009), as
well as 7,419 lincRNAs, based on the initial discovery set from the Broad Institute (4). Data
analysis was implemented in the R statistics package (24). The data from two microarray
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experiments (20 in the initial set and 24 in the validation set) were analyzed independently
but following the same protocol. The Agilent feature extraction raw data files were loaded
into the R environment and analyzed using the R library of Linear Models for Microarray
Data (LIMMA) (25). The raw data were preprocessed for background correction and
normalized between arrays using the quantile method, summarized by taking the average of
replicates for each gene, and subsequently log,-transformed. Additional microarray data was
generated from 4 different cultures of RS4;11 cells with or prednisolone treatment and with
a siRNA against BALR-2 (or control vector). Samples were hybridized at the UCLA
microarray core facility using Affymetrix HG-U133_Plus_2 microarray. Raw hybridization
intensities were summarized and normalized using the RMA method (26) as implemented in
Matlab® (The Mathworks Inc.). Differential expression analysis was performed as
previously described (27). Functional annotation of differentially expressed genes was
retrieved from www.ingenuity.com. All data from the microarray studies have been
deposited in the Gene Expression Omnibus (GEO) resource (GEO Series ID GSE65647).

Clinicopathologic data analysis

All data analysis was completed using SPSS software. Clinicopathologic parameters
(available for 93 patients) were correlated with the continuous gPCR data obtained for each
of the INcRNAs using a Pearson’s Chi-square, and two-tailed T-tests (for dichotomous
variables). Next, Kaplan Meier analyses were performed using dichotomized variables as
described in supplemental methods.

Vectors, cell culture and flow cytometric analysis

mmu-miR-155 formatted siRNAs were cloned into BamHI and Apal or Xhol sites in the
pHAGE2-CMV-ZsGreen-W vector (28), using the strategy that we have previously
described to generate knockdown vectors against protein coding genes (29,30). The BALR-2
sequence was cloned into a bicistronic MSCV vector with PGK driving GFP expression.
RS4;11 and MV4;11, (MLL-AF4-translocated; ATCC CRL-1873 and CRL-9591), Reh
(TEL-AML1-translocated; CRL-8286), 697 (E2A-PBX1-translocated), Nalm-6, and 70Z/3
(ATCC TIB-158) murine pre-B-cell leukemic cell line, and the HEK 293T cell line (ATCC
CRL-11268) were grown as previously described (30). Lentiviruses and MSCV-based
retroviral vectors were produced to generate knockdown and overexpression constructs as
previously described (28,30). 5.0 x 10”5 cells were spin-infected at 30°C for 90 minutes in
the presence polybrene (4 pg/mL). Transduced cell lines were sorted using a BD
FACSAriall cell sorter.

Apoptosis, proliferation, cell cycle and drug response assays

To measure proliferation, cells were plated in 96-well plates with MTS reagent (Promega
CellTiter 96) and cells were incubated at 37°, 5% CO», for 4 hours before absorbance was
measured at 490nm. For drug response assays, cells were plated and treated with
corresponding chemotherapeutic agent (250 ug/mL prednisolone dissolved in DMSO, 75
pg/mL of dexamethasone dissolved in DMSQO, and 100 pg/mL of doxorubicin dissolved in
water) for 24 hours, then harvested for RNA isolation or cell proliferation measurement. To
measure apoptosis, chemotherapy treated cells were stained with APC tagged Annexin V,
propidium iodide to assess the subGO fraction, or lysed for protein isolation, and analyzed
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by FACS. For caspase-3 assays, colorimetric reagents were added to 50 pg of protein lysates
(Biovision), and absorbance was measured at 405nm. Stably transduced cells were
synchronized by serum starvation for 12 hours, replated into fresh media with FBS,
collected after 24 hours, fixed with 70% EtOH, and stained with 1X propidium iodide (PI)
solution in PBS. The DNA content of the cells was analyzed by flow cytometry using BD
FACSDiva software and FlowJo software.

RT-gPCR and Western Blot

RESULTS

RNA collected from human samples was reverse transcribed using iScript reagent (Quanta
Biosciences), RNA from cell lines was reverse transcribed using gScript (Quanta
Biosciences). Real Time quantitative PCR was performed with the StepOnePlus Real-Time
PCR System (Applied Biosystems) using PerfeCTa SYBR Green FastMix reagent (Quanta
Biosciences). Primer sequences used are listed in Supp Table 4. For Western Blotting, cells
were lysed in RIPA buffer (Boston BioProducts) supplemented with Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Scientific), and Western Blot was performed
according to standard procedures. Antibodies were purchased from Cell Signaling: c-Jun
(60A8) Rabbit mAb; Bim (C34C5) Rabbit mAb; c-Fos (9F6) Rabbit mAb). Monoclonal
anti-beta-ACTIN (AC-15) antibody was purchased from Sigma Aldrich. Fold change values
were quantitated using ImageJ software and normalizing to ACTIN levels.

LncRNA expression segregates three common cytogenetic subtypes of B-ALL and can
predict the cytogenetic subtype

LncRNAs have been ascribed functions in both cancer causation and development of the
hematopoietic system. Here, we undertook a microarray study to define patterns of INCRNA
expression in different subsets of B-ALL using the Agilent SurePrintG3 Human GE 8x60K
platform (4,7,31) (see Supp Fig 1 for experimental pipeline). In our initial sample set, we
hybridized 20 cases of B-ALL with three different common translocations. Following
correction for multiple hypothesis testing, we performed unsupervised hierarchical
clustering with significantly differentially expressed protein-coding genes (p-adj<0.01),
finding that the three cytogenetic subtypes separated into three subsets (Fig 1A).
Interestingly, when we focused exclusively on IncRNAs (p-adj<0.01), IncRNAs were
differentially expressed across the 3 different cytogenetic subtypes, although MLL-
translocated cases appeared to have the most distinctive INCcRNA expression pattern (Fig
1B). Interestingly, INcRNA expression seemed to be highly predictive of the cytogenetic
abnormality in B-ALL. Using nearest shrunken centroid analysis, we determined that
IncRNA expression is at least equivalent to protein coding gene expression at differentiating
these three common cytogenetic abnormalities in an independent set of 24 cases of B-ALL
(Supp Fig 2). For instance, one case of ALL became misclassified when 113 protein-coding
genes were used to classify the samples, whereas one could use 27 IncRNAs before the same
case was misclassified (Supp Fig 2G—H; see Supp Figure legend for complete description of
results in Supp Fig 2). We then compared expression of these INCRNAs between B-ALL and
normal CD107CD19* cells (data not shown), narrowing down the list to 10 ten putative
oncogenic and tumor suppressor InNcRNAs. These were designated as B-ALL associated
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long RNAs (BALRs), unless they had already been assigned LINC designations. Four
IncRNAs were subsequently selected based on higher expression in leukemic versus normal
B-cell precursors in the microarray, and the fact that these IncRNAs were located in well-
annotated loci those that showed multiple ESTs or mRNA transcripts and were conserved in
human and mouse genomes (Supp Fig 1). These IncRNAs were BALR-1, BALR-2, BALR-6
and LINCO00958 which were also the most differentially expressed in the different
cytogenetic subtypes (Fig 1C—F). Hence, IncRNAs are differentially regulated in B-ALL
with specific translocations.

LncRNA expression is correlated with clinicopathologic parameters in a large set of B-ALL

cases

BALR-2 is a
treatment

RT-gPCR was used to confirm the expression pattern of four individual InNcRNAs in a subset
of cases from the microarray cohort as well as in an independent set of B-ALL samples (Fig
2A-D). qPCR primer sets with the most consistent behavior across technical replicates and
serial dilutions were chosen (Supp Table 4, gPCR primers). LncRNA expression was most
consistently different in the subset of cases with MLL translocations, which is associated
with a bad prognosis. For all four IncRNAs, we confirmed that MLL-translocated cases
showed significantly different expression levels, compared with cases showing TEL-AML1,
E2A-PBX1, or BCR-ABL translocations. Additionally, BALR-2 and BALR-6 expression
was significantly upregulated in all subsets of patient samples when compared to normal
CD19* cells (Fig 2B-C).

To examine the possibility that INCRNA expression is predictive of patient outcomes, we
performed statistical analyses on available clinicopathologic parameters associated with
these cases. Interestingly, BALR-2 expression was significantly higher in B-ALL patients
that were unresponsive to prednisone as opposed to those who had a response to prednisone
(Fig 2E, T-test, two-tailed p=0.0003). We dichotomized BALR-2 expression using a cut
point based on cluster analysis (Supp Fig 3B), and found that high BALR-2 expression was
associated with inferior overall survival (Fig 2F; Kaplan Meier survival analysis; log-Rank
test, p=0.005,). Although BALR-2 expression did correlate with translocations, it should be
noted that four of the poor-prognosis cases that had high BALR-2 expression did not contain
a detectable translocation. When we attempted multivariate logistic regression, BALR-2 was
not established as an independent prognostic variable (Supp Table 3). This may be due to
insufficient numbers of cases with high BALR-2 expression in our cohort, and requires
further study.

nucleocytoplasmic INcRNA whose expression is regulated by glucocorticoid

Given the interesting clinicopathologic findings with BALR-2, we began to study whether
the expression of InNcRNAs was regulated during treatment of B-ALL cells with
chemotherapeutic agents. Interestingly, while the expression of these INcRNAs showed
some variation with treatment, only BALR-2 was specifically regulated by glucocorticoid
treatment (Fig 3A-D). Specifically, BALR-2 was downregulated in two different B-ALL
cell lines, RS4;11 and NALMS6, following treatment with either prednisolone or
dexamethasone, but not with doxorubicin (Fig 3B). This finding is in line with the idea that
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prednisolone treatment downregulates BALR-2, but in B-ALL with constitutively high
BALR-2, the cells become resistant. Next, we characterized the subcellular localization of
these four IncRNAs, finding that in contrast to the other three IncRNAs, BALR-2 expression
was on the same order of magnitude in nuclear and cytoplasmic fractions; and was in fact
higher in the cytoplasm in one set of experiments (Fig 3E-H). This was confirmed in
multiple B-ALL cell lines, including RS4;11, REH and 697, which show differing levels of
expression of BALR-2 (Fig 3F). As expected GAPDH mRNA is primarily localized to the
cytoplasm (Fig 3I) and the nuclear RNA CELF4 is primarily in the nuclear fraction (Fig 3J).
Hence, BALR-2 expression appears to be regulated by glucocorticoid treatment and
significant amounts of BALR-2 are found in the cytoplasm, making this IncRNA amenable
to sSiRNA mediated knockdown.

of BALR-2 results in growth inhibition and increased apoptosis

Given the correlation of BALR-2 with overall survival, we first characterized its
chromosomal location, 7g21.2. The area surrounding BALR-2 is conserved in mammals and
mRNA NR_110088 is localized to this region (Fig 4A). Similar gene diagrams are provided
for the other three InNcRNAs in Supp Fig 4a—c. To map the transcript, we carried out 5’RACE
and 3’RACE using mRNA extracted from B-ALL cell line RS4;11. We confirmed the
annotated mRNA and an alternate splice form with a previously unannotated exon (Supp Fig
4D). 3’ RACE confirmed the transcript as being approximately 500 base pairs in length
(Supp Table 4). This transcript lacked an open reading frame and translation initiation site,
and was predicted to be non-coding (32). Vertebrate PhastCons analysis demonstrated
significant conservation within the terminal exon in 91 vertebrate species, suggesting a
functional transcript (Fig 4B). Moreover, analysis of H3K4m3 and H3K36m3 revealed that
signals along the promoter and gene body are consistent with a transcriptional element (Fig
4C) (33). To define a functional role for this transcript in B-ALL, siRNAs against BALR-2
were cloned into a modified lentiviral vector using miRNA formatted flanking and loop
sequences (28,30). These lentiviral constructs were used to transduce the RS4;11 cell line
(Fig 4D). RS4;11 cells stably expressing siRNA against BALR-2 showed significantly
decreased proliferation, measured by MTS (Fig 4E). Decreased cell viability and increased
apoptosis was observed both at baseline (data not shown) and after treatment with
prednisolone (Fig 4F-G) (34,35). In line with cell proliferation data, RS4;11 cells treated
with siRNAs1-3, revealed an increase in GO-G1-phase, as well as a decrease in S- and G2-M
phase, as measured by propidium iodide staining. A significant increase in apoptotic cells
(cells in Sub-GO phase) was observed in cells treated with sSiRNAs2-3 (Fig 4H).

BALR-2 regulates apoptosis by modulating the glucocorticoid receptor signaling pathway

To examine the mechanism by which BALR-2 affects proliferation and apoptosis in BALL
cell lines, we examined gene expression in RS4;11 cell lines stably transduced with SIRNA2
(which showed the greatest degree of knockdown against BALR-2), with and without
prednisolone treatment. Hierarchical clustering analysis identified clusters (Figure 5A-B) of
genes that were upregulated in the siRNA group, both with and without prednisolone
treatment. Several of these clusters consist of genes involved in the glucocorticoid receptor
signaling pathway, confirmed by functional annotation results (2-4 fold increases in FOS,
HSPAG, SGK1, IL8, JUN, SERPINE1, CDKN1A and ICAM1 in siRNA group, both with
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and without prednisone treatment; Fig 5B and 5C). We confirmed knockdown of BALR-2
and upregulation of FOS, JUN, SGK1 and SERPINE1 by RT-qPCR (Supp Fig 5 A-E).
When we tried to validate the findings with multiple siRNAs, expression of JUN showed the
most consistent changes (Fig 5D). We also observed upregulation of the pro-apoptotic
protein BIM, which is a downstream target of JUN and an important mediator of
glucocorticoid-induced apoptosis of lymphocytic cells (36) (Fig 5E). Hence, BALR2
knockdown mirrored the effects of prednisolone treatment, which also resulted in induction
of apoptosis and increased expression of JUN and BIM (Fig 5F-H).

To confirm our findings, we tested additional cell lines that show high-level expression of
BALR-2, including Nalm-6, Reh, and MV4;11. The glucocorticoid signaling pathway is
operant in Nalm-6 cells, despite this cell line not carrying an MLL translocation (Supp Fig
5F—H). Consistent with our data in RS4;11 cells, knockdown of BALR-2 in Nalm-6 cells
resulted in decreased cell proliferation, increased apoptosis, and increased expression of
FOS (siRNA1 and 2), JUN (siRNA1), and BIM (siRNA1 and 2) (Supp Fig 6 A-D).
Knockdown of BALR-2 in Reh cells by targeting of the BALR-2 splice junction by siRNA
(sisplicel), as well as with sSiRNA3, resulted in increased apoptosis, decreased cell
proliferation and significant upregulation of FOS, JUN, and BIM (Supp Fig 6E-J) (37).
Moreover, MV-4-11 cells, which carry the t(4;11) translocation showed an increased
number of apoptotic cells and increased expression of glucocorticoid response genes, FOS,
and JUN, following knockdown of BALR-2 with siRNA3 (Supp Fig 6K—M). Overall, these
findings demonstrated parallel effects of prednisolone treatment and BALR-2 knockdown in
multiple cell lines, suggesting that BALR-2 is an important regulator of this pathway.

The function of BALR-2 is conserved in human and mouse cells

To assess functional conservation of BALR-2, we mapped and characterized murine Balr-2
to 5gA1, and the murine transcript demonstrates 90% homology to the human sequence (Fig
6A). RACE was performed and two products were identified at this locus (Supp Fig 4E). We
generated miRNA-formatted siRNAs (30) against the murine transcript and confirmed
decreased expression in the murine pre-B cell line 70Z/3 (Fig 6B). Similar to what we
observed in human cell lines, Balr-2 knockdown led to an upregulation of Fos and Jun in all
three of the cell lines with upregulation of Bim in two out of three cell lines by RT-qgPCR
(Fig 6C-E). We further confirmed the upregulation of these proteins by western blot
analysis, finding increased expression Fos, Jun and Bim with all three knockdown constructs
(Fig 6F). Prednisolone treatment in the murine cells led to downregulation of Balr-2
concomitant with increased apoptosis, and upregulation of Fos, Jun, and Bim (Fig 6G-K),
mirroring our observations in the human cells. Our data indicate that BALR-2 plays a key
role in regulating the glucocorticoid receptor signaling pathway, thereby regulating the
cellular response to prednisolone treatment (A putative schematic mechanism is presented in
Supp Fig 7).

Enforced expression of BALR-2 promotes cell growth and inhibits apoptosis

Given that normal and malignant B-lymphoid cells show markedly differential expression of
BALR-2, we wanted to investigate the effects of gain-of-function of BALR-2. We designed
and validated a MSCV-based two-promoter vector to constitutively express BALR-2 in
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E2A-PBX translocated 697 cells, which show very low basal levels of BALR-2 (Fig 7A). In
juxtaposition to knockdown, overexpression of BALR-2 resulted in increased growth of the
cells, as measured by MTS assay (Fig 7B). Remarkably, overexpression of BALR-2 led to a
partial rescue of prednisolone-induced apoptosis in 697 cells (Fig 7C). Baseline levels of
apoptosis were also somewhat lower with overexpression, but this finding was not
statistically significant. Also in line with its anticipated function, the expression of FOS,
JUN, and BIM was reduced (Fig 7D—F). These findings suggest that BALR-2 plays a similar
function in primary human B-ALL, leading to prednisone resistance and a poor prognosis.
Next, we used the retroviral vector system to overexpress Balr-2 in murine 70Z/3 cells (Fig
7G). This led to similar changes in gene expression as observed in 697 cells. Moreover, the
expression changes of Fos, Jun, and Bim were the opposite of those seen with knockdown of
Balr-2 (Fig. 7H-J). Hence, knockdown and overexpression of BALR-2 led to opposing
phenotypes and gene expression changes in human and mouse cells, consistent with the role
we propose here, and once again suggesting a conserved function for this IncRNA.

DISCUSSION

In this report, we describe how long non-coding RNAs may play a role in B-ALL
pathogenesis. We find that patterns of INCRNA expression are correlated with and can
predict certain common chromosomal translocations in B-ALL. We found that expression of
one INcRNA, BALR-2, correlated with overall survival and with response to prednisone. To
characterize this functionally, we successfully knocked down BALR-2, finding increased
apoptosis with chemotherapy. Most interestingly, we demonstrate a putative mechanism for
BALR-2 in regulating cell survival in B-ALL- namely, that it is downregulated by
glucocorticoid receptor engagement, and that its downregulation results in activation of the
glucocorticoid receptor signaling pathway. These findings were conserved in human and
murine B-ALL-derived cells, and were achieved with multiple siRNA sequences targeting
either the exonic mMRNA sequence that we have defined here, or via targeting of exon-intron
boundaries (37).

Our results present some of the first clinicopathologic correlations with INcRNA expression
data in B-ALL, along with a recent publication that reports dysregulated IncRNA expression
in B-ALL (38). Due to the limitations of the microarray platform, we may not have
completely profiled all IncRNAs, and future efforts via high throughput RNA sequencing as
well as alternate array platforms may yield additional relevant IncRNAs. Nonetheless, we
found several correlations between the expression level of a few specific IncRNAs and
clinicopathologic parameters. These studies validate the idea that IncRNAs are important
players in biological processes and are tied to oncogenesis. Although BALR-2 expression
segregated mainly with MLL-translocated cases in the curated data set, there were several
cases of B-ALL without translocations that also showed high level expression of BALR-2.
We suggest that the expression level of BALR-2 may represent another variable for
prognostication in this disease. Although high-risk cytogenetic abnormalities characterize
the majority of patients who do not respond well to therapy, we suggest further study of
BALR-2 expression, with a view towards prospectively identifying patients who will not
respond well to standard therapeutic interventions. This is particularly relevant in the context
of responsiveness to prednisone. Although not addressed in this study, INcRNA expression
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in other types of leukemia may also represent a prognostic and therapeutically relevant
variable, and warrants further study.

In addition to the clinical relevance of our findings, the functional studies present a
compelling argument for the further study of INCRNA in cancer causation and therapy.
Together with the clinicopathologic correlation between high BALR-2 and poor
responsiveness to prednisone, our functional studies suggest that BALR-2 expression plays a
role in causing resistance to apoptosis. This is supported by both loss-of-function and gain-
of-function approaches in human and murine B-cells, presented herein. Although the
mechanism is incompletely understood, prednisone is thought to cause apoptosis in
lymphoid cells by binding to the glucocorticoid receptor with subsequent activation of the
intrinsic apoptosis pathway by repression of anti-apoptotic proteins such as BCL2 or
activation of pro-apoptotic BCL2 protein family members, such as BIM (39-41). Here, we
find that knockdown of BALR-2 by siRNA caused an increase in expression of the BCL2
family member BIM and increased cell death. These findings are particularly interesting in
light of the proposed critical role for BIM in the regulation of the glucocorticoid response in
B-ALL. Previous work has demonstrated that BIM is upregulated in leukemic blasts isolated
from pediatric B-ALL patients undergoing treatment and that it is downregulated in patients
who have poor responses to prednisone (42,43). Hence, BALR-2 may be a determinant of
glucocorticoid response in patients, and our study points to therapeutic inhibition of
BALR-2 as a possible strategy to overcome resistance to glucocorticoid treatment in B-ALL.

While our data suggest that BALR-2 acts in promoting cell survival via inhibition of genes
downstream of the glucocorticoid receptor, such as Fos, Jun, and Bim, the molecular
mechanism of its action remains to be defined. Recent work has demonstrated that non-
coding RNA can lead to recruitment of transcriptional regulatory complexes to
chromosomal loci (7,8,44). Additionally, the expression of certain INcRNAs affects the
expression of nearby protein coding genes (37,45). In humans and mice, BALR-2 is located
in a chromosomally adjacent region to CDKG6. This presents an attractive target as CDK
proteins have important roles in cell cycle progression and cancer (46). However, alternate
modes of action, including interactions with proteins or other RNAs, have been ascribed to
IncRNAs, and BALR-2 may act via any of these mechanisms to regulate the glucocorticoid
response pathway (8,10,11,47,48). To comprehensively address the molecular mechanism of
BALR-2’s function, future studies are required to study its function as a cis-regulatory
element of cell cycle regulation in human cells and in murine model systems, given
conservation of its function in human and mouse B-cells.

Future directions will include examination of the prognostic relevance of BALR-2 in BALL,
assessment of BALR-2-mediated oncogenesis and delineating the therapeutic utility of
BALR-2 knockdown in mouse models of B-ALL. Moreover, a detailed exploration of the
molecular mechanisms of action of BALR-2 is warranted. Given some initial studies
reporting the involvement of IncRNA in hematopoiesis, another important question is
whether BALR-2 and other INcCRNAs that are differentially regulated in B-ALL also play a
role in normal development of B-lymphocytes (17). Hence, these findings open up a new
area of research into the role of IncRNAs in B-cell development and malignancy, and
promise to further refine prognostication and therapeutic intervention in B-ALL.
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Figure 1. LncRNA expression segregates with ALL cytogenetic subtypes
(A) Hierarchical clustering of differentially regulated protein-coding gene expression data

(adjusted p-value after correction for multiple hypothesis testing, p-adj<0.01) in 20 B-ALL
samples with three common translocations, namely, t(12; 21), TEL-AML1(n=6); t(1;19)
E2A-PBX (n=7); and t(4;11) MLL-AF4 (n=7). Genes that are relatively upregulated appear
in green, and those that are relatively downregulated appear in red. (B) Hierarchical
clustering of IncRNAs that were differentially expressed (adj. p-value<0.01) showed distinct
separation into three subsets of B-ALL, corresponding to the cytogenetic abnormalities. (C—
F) Plots of normalized intensity ratios of BALR-1, BALR-2, BALR-6, and LINC00958 in
individual cases of B-ALL, respectively.
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Figure 2. LncRNAs exhibit differential expression in human B-ALL samples and BALR-2
expression correlates with prednisone response

(A-D) Expression levels of BALR-1, BALR-2, BALR-6, and LINC00958, respectively,
normalized to ACTIN. For these analyses 118 samples were analyzed based on the presence
of good quality RNA, including both the discovery and validation cohorts. RT-gPCR was
performed with specific primers for these INcRNAs, showing differential expression
between the three cytogenetic subtypes of B-ALL used for the initial microarray
experiments and an independent cohort of clinical samples. Number of cases used in this
analysis: TEL-AML1-translocated, n = 38; E2A-PBX-translocated, n = 8; MLL-
translocated, n = 16; BCR-ABL-translocated, n = 3; karyotypically normal cases, n = 53;
and CD19* cells isolated from normal donors, n=19. CD19* cells showed significantly
differential expression of BALR-2 and BALR-6 from all the subsets of B-ALL cases
depicted here. (E) Analysis of BALR-2 expression data and response to prednisone
treatment shows that BALR-2 expression is significantly higher in B-ALL patients that are
not responsive (NR) to prednisone compared to those who do respond to prednisone (R).
Number of cases used in this analysis: Responsive, n = 81; Non-Responsive, h = 8. RT-
gPCR assays were normalized to ACTIN. Comparisons made using a two-tailed T-test,
p<0.05 (*); p<0.005 (**); p<0.0005 (***); p<0.0001 (****). (F) Kaplan Meier survival
analysis for two patient groups shows that high BALR-2 expression is associated with poor
overall survival (overall survival (OS) high = 62.5% (n = 8), OS low = 91.5% (n = 82), log-

Mol Cancer Res. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fernando et al.

Page 16

Rank test, p=0.005). The two groups were dichotomized based on two step cluster analysis
using SPSS software.
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Figure 3. LncRNA expression following glucocorticoid treatment and subcellular localization of
IncRNA

(A-D) Expression of BALR-1, BALR-2, BALR-6, and LNC00958 following treatment of
RS4;11 and NALMBG cells with prednisolone (PRED), dexamethasone (DEXA), and
doxorubicin (DOX). Control cells are denoted as untreated (UNT). (E-H) Subcellular
localization of IncRNA transcripts. RT-qPCR data showing expression of BALR-2 (E),
BALR-6 (F), BALR-1 (G), and LINC00958 (H) in cytoplasm and nuclear fractionations of
from RS4;11 (left), Reh (middle) and 697 (right). All 4 IncRNASs are expressed in the
nucleus while BALR-2 is also expressed in the cytosolic fraction. GAPDH (cytoplasmic) (1)
and CELF4 (nuclear) (J) mRNAs were used to demonstrate successful fractionation. The
data are represented as fold-change values over the relative expression of each gene in the
whole cell lysate. Each panel represents two experiments, with overall similar results.
Comparisons made using a two-tailed T-test, p<0.05 (*); p<0.005 (**); p<0.0005 (***);
p<0.0001 (****).

Mol Cancer Res. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fernando et al.

Page 18
a BALR-2 b
7q21.2
.................. Human chr7 -@-
______ i ) -
CDK6™ LOC101927497 SAMD9 Joriaorate. A
mRNA: NR_110088 [l
RACE product
Probe set Mouse chr5 — —
on microarray | |
gPCR primers [X] Zebrafish chr22 — =
siRNAs L1111
c [ T CR—
L

mmms“ b e il

PRI NTRTF T FIPY SFO SAPPIPRRT FTUSIN T IV RRT SR S PO ST P T SR DY VIR T

[ H3K4m3 ... R S S g S ——

613 ihumatblle « s st bl s o il oo, tbartd bbbl atios L . st ieecs e bbb sl abed AL
p— ' W ” NEPRPRS—.

K36m m;.m‘m.m‘u_m__.xmm‘m
e

Ks62 H1-hESC GM12878

[o
-

@

- VECTOR
NA -+ VECTOR

5{ ~+ siRNA2 SiRNA1

-+ SiRNA3

§

5
(fold cbange)
viability (% of control)

BALR-2
(fold change)
cell proliferation

0001 001 01 1 10 100 1000

24 48 12 %

& Q_e Time (hours) Prednisolone (ug/mL)
&
h
3 0 25um o

2 100 . MVECTOR
1

% of apoptotic cells @ i,
% of cells in pha

Figure 4. BALR-2 shows a functional role in human B-ALL cell lines
(A) Map showing the position of BALR-2 in the genome, including the locations of

neighboring genes, corresponding annotated MRNA, RACE product confirmation, probe set
on microarray, gPCR primers and siRNAs targeting the INcCcRNA. (B) The Vertebrate
PhastCons plot from the UCSC whole-genome alignments to mouse and zebrafish shows
conserved regions within the terminal exon, including a region highly conserved among 91
vertebrates. (C) Chip-seq histone modification map from the ENCODE/Broad institute,
taken from UCSC genome browser, shows H3K4m3 and H3K36m3 pattern at the BALR-2
locus in three different cell types indicating active promoter and transcription of the
lincRNA (D) siRNA-mediated knockdown of BALR-2 in RS4;11 cell line, shown by RT-
gPCR (normalized to ACTIN). (E) Reduction of cell proliferation in RS;411 cells stably
transduced with siRNAs against BALIR-2, measured by MTS assay. Absorbance was
normalized to the 0 hour time point (p-value < 0.05 for all non-zero hour time points). (F) In
vitro prednisolone response curves for RS4;11 cell lines transduced with vector control,
siRNAL and siRNAZ2. Prednisolone response was assessed by MTS assay after 24 hours of
plating. Untreated samples were set to 100%. Absorbance readings were normalized to
untreated samples. (G) Increased apoptosis measured by AnnexinV staining. RS4;11 cells
stably transduced with siRNAs against BALR-2 were treated with 125 pg/mL, and 250
ug/mL prednisolone for 24 hours. (H) Propidium iodide staining of RS4;11 cells treated
with siRNAs, showed an increase in GO-G1 cells (p-value < 0.05 for all siRNAs), as well as
a decrease in S cells (p-value < 0.05 for all siRNAs), and G2-M cells (p-value <0.05 for
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siRNAs1-3) The right hand panel shows a representative histogram of propidium iodide
staining. Comparisons made using a two-tailed T-test, p<0.05 (*); p<0.005 (**); p<0.0005

(***) .

Mol Cancer Res. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Page 20

=
<

«
-log10(p-value)

o7

T C o —

ces am .

RPNE? ‘

SERPIET ’

VVSsi

DMS

o

T VVSsi_LLH | nee S S S | W |

RED

BIM o
(fold change)

JUN
(fold change)

50 kDa =25 kD:
JUN e R o Biv - 00
Fold 1 23 20 1.2_50 KDa Fold 1 09 13 1.1 —
ACTIN M——— ACTIN [ 20 02
,
f oM . g hs — =
23 —— N
< z s5
g3 o 3 55,
2Z o
82 o .
. [
w
O Q
O Q < &
& & S &
& & 3 <

Figure 5. BALR-2 plays a role in the glucocorticoid response pathway
(A) Hierarchical gene clustering of microarray data from RS4;11 cells treated with or

without siRNA2 against BALR-2 and with or without prednisolone. Abbreviations, V,
Vector; si, SIRNA 2 against BALR-2; DMSO, Dimethylsulfoxide (used to solubilize
prednisolone); PRED, prednisolone. (B) Two clusters of genes significantly over-expressed
in siRNAZ2 treated cells include genes involved in glucocorticoid response (FOS, JUN,
SGK1 and SERPINEZ1) (C) Functional analysis of genes differentially expressed in sSiRNA2
treated cells shows significant enrichment of various canonical pathways, including
Glucocorticoid Receptor Signaling. (D-E) RT-gPCR (top panels), showing upregulation of
JUN (D), and BIM (E) in multiple siRNA knockdown lines, normalized to ACTIN, with
corresponding Western blot (bottom panels). Fold change values are as quantitated by
ImageJ and normalized to ACTIN. (F-H) Prednisolone treatment of RS4;11 cells resulted in
induction of apoptosis, as measured by Caspase-3 activity (F) and upregulation of JUN (G)
of BIM (H), as measured by RT-qPCR, normalized to ACTIN. Overall, the effects of the
SiRNA are similar to those induced by prednisolone treatment. Comparisons made using a
two-tailed T-test, p<0.05 (*); p<0.005 (**); p<0.0005 (***).
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Figure 6. The mouse homolog of BALR-2, Balr-2, shows a functional role in mice B-ALL cell
lines

(A) Map showing the position of Balr-2 in the genome, including the locations of
neighboring genes, un-annotated mMRNA, RACE product confirmation, gPCR primers and
SiRNAs targeting the mouse IncRNA. (B) siRNA-mediated knockdown of Balr-2 in 70Z/3
mouse cell line, shown by RT-gPCR (normalized to L32). (C-F) Expression of
glucocorticoid response genes Fos (C, F), Jun (D, F) and its target Bim (E, F), upon siRNA
mediated knockdown of the mouse INcRNA. Expression was analyzed by RT-gPCR
(normalized to L32) (C-E), and Western blot (F). Fold change values as quantitated by
ImageJ and normalized to Actin. (G-K) Caspase-3 activity, expression of mouse Balr-2 (H),
and glucocorticoid response genes Fos, Jun, and Bim, respectively, are altered in 70Z/3 cells
upon prednisolone treatment for 6 hours. Comparisons made using a two-tailed T-test,
p<0.05 (*); p<0.005 (**).
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Figure 7. Enforced expression of BALR-2 led to increased cell growth and resistance to apoptosis
(A) Overexpression of BALR-2 in 697 cells shown by RT-qPCR (normalized to ACTIN).

(B) Increased cell proliferation in 697 cells stably transduced with BALR-2, measured by
MTS assay. (C) AnnexinV staining showed that 697 cells stably transduced with BALR-2
resulted in reduction of apoptosis upon treatment with 250 pg/mL prednisolone for 24 hours.
(D-F) Consistent with the function, the expression of FOS (D), JUN (E), and BIM (F) are
downregulated with the overexpression of BALR-2, as measured by RT-gPCR, normalized
to ACTIN. (G-J) Overexpression of Balr-2 (G) in mouse 70Z/3 cells rescued the gene
expression of glucocorticoid responsive genes Fos (H), Jun (1), and Bim (J), respectively, as
measured by RT-gPCR, normalized to L32. Comparisons made using a two-tailed T-test,
p<0.05 (*); p<0.005 (**); p<0.0001 (****).
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