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Abstract

BCR-ABL1 gene fusion associated with additional DNA lesions involves the patho-
genesis of chronic myelogenous leukemia (CML) from a chronic phase (CP) to a blast
crisis of B lymphoid (CML-LBC) lineage and BCR-ABL1* acute lymphoblastic leuke-
mia (BCR-ABL1" ALL). The recombination-activating gene RAG1 and RAG2 (collec-
tively, RAG) proteins that assemble a diverse set of antigen receptor genes during
lymphocyte development are abnormally expressed in CML-LBC and BCR-ABL1*
ALL. However, the direct involvement of dysregulated RAG in disease progression
remains unclear. Here, we generate human wild-type (WT) RAG and catalytically in-
active RAG-expressing BCR-ABL1* and BCR-ABL1™ cell lines, respectively, and dem-
onstrate that BCR-ABL1 specifically collaborates with RAG recombinase to promote
cell survival in vitro and in xenograft mice models. WT RAG-expressing BCR-ABL1*
cell lines and primary CD34" bone marrow cells from CML-LBC samples maintain
more double-strand breaks (DSB) compared to catalytically inactive RAG-expressing
BCR-ABL1" cell lines and RAG-deficient CML-CP samples, which are measured by
y-H2AX. WT RAG-expressing BCR-ABL1" cells are biased to repair RAG-mediated
DSB by the alternative non-homologous end joining pathway (a-NHEJ), which could
contribute genomic instability through increasing the expression of a-NHEJ-related
MRE11 and RAD50 proteins. As a result, RAG-expressing BCR-ABL1" cells decrease
sensitivity to tyrosine kinase inhibitors (TKI) by activating BCR-ABL1 signaling but
independent of the levels of BCR-ABL1 expression and mutations in the BCR-ABL1
tyrosine kinase domain. These findings identify a surprising and novel role of RAG in
the functional specialization of disease progression in BCR-ABL1* leukemia through

its endonuclease activity.
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1 | INTRODUCTION

Lymphocytes express adiverse repertoire of antigen receptors, which
can recognize a large variety of foreign pathogens. Functional anti-
gen receptor genes are assembled during lymphocyte development
by V(D)J recombination, which is normally initiated by the binding
of the RAG complex to target recombination signal sequences (RSS)
at the antigen receptor loci to generate DNA double-strand breaks
(DSB).X The RSS consist of a heptamer (consensus 5-CACAGTG) and
a nonamer (consensus 5-ACAAAAACC) separated by a degenerate
spacer of either 12 or 23 base pairs (bp). The heptamer serves as the
cleavage target and the nonamer provides an important binding site
for RAGL. Efficient DNA cleavage and recombination require synap-
sis of one 12-RSS and one 23-RSS. Thereafter, the broken DNA ends
are shuttled into the classical nonhomologous end-joining (c-NHEJ)
pathway for DNA repair, resulting in the juxtaposition of the two
coding gene segments and precise joining of the RSS.%# The intro-
duction of DSB activates several components of c-NHEJ, including
DNA-PKcs, XRCC4, and DNA-Ligase 4, which orchestrate the DNA
damage response.” Numerous studies support the fact that RAG
targeting and choice of c-NHEJ not only contribute to the high fi-
delity of V(D)J recombination and genome integrity but also relate
to the development of lymphoid malignancies due to aberrant V(D)J
recombination and genomic instability.6’9

RAG1 and RAG2 genes, which are well-conserved in humans and
mice, are physically linked in the genome and are coordinately ex-
pressed in developing lymphocytes.'®* Human RAG1 is composed
of 1,043 amino acids, whereas its mouse orthologue lacks three
amino acids at the amino terminus. It contains three active site res-
idues (D603, D711, and E965) that coordinate divalent metal ions
and play an indispensable role in DNA cleavage activity. Human
RAG2 comprises 527 amino acids and has no catalytic activity but
is an accessory factor that strongly promotes DNA cleavage by
RAG1.11 A C-terminal plant homeodomain (PHD) tethers RAG2 to
tri-methylated histone H3 lysine 4 (H3K4me3). Consequently, RAG2
localization to chromatin mirrors the deposition of H3K4me3, exhib-
iting no particular preference for the immunoglobulin and T cell re-
ceptor loci over the thousands of other highly expressed genes.*>¢
However, RAG1 targeting outside of antigen receptor loci is much
more complicated. RAG1 binding is driven by the presence of RSS-
like motifs (cryptic RSS, or cRSS) and chromatin accessibility marked
by H3K4me3 and H3K27Ac.”*” Thus, RAG proteins potentially pose
a widespread threat to the lymphocyte genome.ls'19

Chronic myeloid leukemia (CML) and BCR-ABL1* acute lym-
phoblastic leukemia (BCR-ABL1* ALL) are characterized by the
Philadelphia chromosome encoding BCR-ABL1.2%2 If not efficiently
treated, CML follows a triphasic clinical course with an initial indo-
lent chronic phase (CML-CP) followed by an intermediate acceler-
ated phase and eventually a blast crisis of myeloid (CML-MBC) or B
lymphoid (CML-LBC) lineage.?? CML-CP can be effectively treated
with tyrosine kinase inhibitors (TKI), but resistance to TKI shortens
responses in CML blast crisis and BCR-ABL1* ALL.?% An increasing

body of evidence demonstrates that the genomic instability often

occurs in CML-LBC and BCR-ABL1" ALL, which is indicative of y-
H2AX accumulation.?* In general, BCR-ABL1 is acquired early in leu-
kemogenesis and its aberrant kinase signaling activates downstream
targets that lead to transcriptional and epigenetic dysregulation,
providing a plausible mechanism by which RAG could be delivered to
thousands of genomic sites outside of its biological targets, result-
ing in secondary genomic lesions, which are believed to accelerate
disease progression.?>2® Although RAG targeting has been linked to
physiological and pathophysiological consequences, it has not been
associated with any beneficial role in cellular outcomes in BCR-ABL1*
leukemia.

Here, we establish human WT RAG and catalytically inactive
RAG-expressing BCR-ABL1* and BCR-ABL1" cell lines and xenograft
models. We demonstrate that RAG specifically promotes BCR-ABL1*
cell survival due to RAG-induced DNA lesions being repaired by
the alternative non-homologous end joining pathway (a-NHEJ). As
a result, RAG-expressing BCR-ABL1" cells decrease sensitivities to
TKI by activating BCR-ABL1 signaling but independent of BCR-ABL1
expression or mutations in BCR-ABL1 kinase domain. These findings
suggest the novel role of RAG endonuclease activity in disease pro-
gression of BCR-ABL1* leukemia.

2 | MATERIALS AND METHODS
2.1 | Patient samples, constructs, and cell lines

Bone marrow (BM) samples were collected at the First Affiliated
Hospital of Xi'an Jiaotong University with written informed con-
sent from four CML-CP and four CML-LBC patients as described in
Table S1. CD34" BM cells were purified according to the protocol
(Miltenyi Biotec, #130-094-531), viably frozen, and stored in liquid
nitrogen. The study was performed according to the Declaration of
Helsinki protocols and was approved by the ethics committee of the
First Affiliated Hospital of Xi’an Jiaotong University (Code #19-975).

The pL-CRISPR.EFS.PAC was described previously.?” The human
RAG2 single guide RNA (sgRNA) was designed at the CRISPR de-
sign website: http://crispr.mit.edu/. sgRNA that does not target
the genome was used as a negative control. The sgRNA sequences
are listed in Table S2. Lentiviral PWPI vector co-expressing human
WT RAG and GFP (WT RAG) or catalytically inactive RAG and GFP
(Inactive RAG) were generated and are described in Appendix S1.
Lentiviral PWPI vector expressing GFP (Empty), retroviral vector
co-expressing human BCR-ABL1 and hCD4 (MSCV-BCR-ABL1-
IRES-hCD4, MIG-p210), and retroviral recombination substrate
pINV-12/23 were reported previously.*>?8

Three BCR-ABL1-positive human cell lines, BV173, K562, and
KCL22, and one BCR-ABL1-negative human cell line, THP1, were ob-
tained from ATCC. They were maintained in RPMI-1640 (Hyclone)
supplemented with 10% FBS, non-essential amino acids, penicillin-
streptomycin, and B-mercaptoethanol (50 uM). All cell lines were
cultured at 37°Cin a 5% CO, atmosphere and were routinely tested

for mycoplasma contamination using the LookOut Mycoplasma PCR
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FIGURE 1 RAG enhances BCR-ABL1" cell survival in vitro. A, Western blotting analysis of the wild-type (WT) RAG and Inactive RAG
expression in BCR-ABL1" K562 and KCL22 or BCR-ABL1™ THP1 cell lines infected by lentivirus carrying WT RAG, Inactive RAG, and empty
control, respectively. The proteins from K562, KCL22, and THP1 cells without infection (-ve control) were used as negative controls. Blots
were stripped and reprobed for GAPDH as a loading control. B, The proliferation rates of the indicated cells were assayed for 72 h. BCR-
ABL1 (BA) proteins were individually introduced into THP1 cell line expressing WT RAG, Inactive RAG, and empty vector control. Five
independent experiments were repeated. Data represent the mean + SEM. C-F, Transcripts of anti-apoptotic genes in expressing WT RAG,
Inactive RAG and empty control K562 cells (C), KCL22 cells (D), THP1/BA cells (E), and THP1 cells (F), respectively. c, cells. Gene mRNA fold
expression values have been normalized to the p-actin, as described in supplemental information, with bars indicating the mean of three
independent experiments and error bars representing the SEM. * ** and *** indicate P < .05, P < .01, and P < .001, respectively. ns, no
significant difference [Correction added on 19 May 2021, after first online publication: Figure 1F has been corrected.]
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Detection Kit (Thermo Scientific, Salem, USA). WT RAG, Inactive
RAG, and empty control-expressing BCR-ABL1" K562, KCL22, and
BCR-ABL1™ THP1 cell lines were established and are described in
Appendix S1.

2.2 | Inversional recombination assay

The retroviral recombination substrate pINV-12/23 was infected
into WT RAG or Inactive RAG-expressing cells by using the X-treme
GENE HP DNA Transfection Reagent (Roche). pINV-12/23 recombi-
nation was assayed for mCD90 expression using flow cytometry.29
Alternatively, pINV-12/23 rearrangement was amplified for cod-
ing joints (CJ) by genomic PCR using a and b primers (Figure S1B,
Table S3). All PCR products were cloned into the pMD 18-T vector
(#6011, TaKaRa) and sequenced commercially (Sunny).

2.3 | Xenotransplant mice models

Non-obese diabetic/severe combined immunodeficiency (NOD/
SCID) mice were maintained in specific pathogen-free facilities at
the Xi'an Jiaotong University Laboratory Animal Center. All animal
procedures were approved by the Institutional Animal Care and Use
Committee of Xi’an Jiaotong University. The mice used in this study
were between 8 and 12 weeks old at the beginning of the experi-
ments; 2 x 10° cells were suspended in a mixture of 100 uL 1x PBS
and 100 pL high concentration matrix (CORNING Cat#354248). The
mixture was then injected at one side of the ilioinguinal region of
the mice. Tumor growth was monitored and measured in volume
(length x width? x 0.5) at the indicated time after inoculation. The
mice were killed when the largest tumor reached 15 mm in diameter,

which served as the clinical end point for euthanasia.

2.4 | Immunofluorescence

Cells were affixed to frosted X slides using a cytospin. Cells were
then fixed with 4% paraformaldehyde solution for 15 min at room
temperature (RT). The cells were washed three times with PBS and
then permeabilized with 0.2% Triton X-100 for 10 min. The slides
were blocked with 5% BSA and 10% horse serum in PBST (PBS
with 0.2% Triton X-100) for 1 h at RT and were then incubated with

antibodies against y-H2AX (1:200; CST #9718) at 4°C overnight.
After rinsing with PBST three times, the cells were incubated with
an Alexa Fluor 555 secondary antibody (CST, #4413, USA; 1:200) for
45 min at RT. Then, the cells were washed twice and were stained
with 1 pg/mL DAPI, followed by imaging using a confocal microscope
(Leica SP8 STED) from the core facilities sharing platform at Xi'an
Jiaotong University.

2.5 | BCR-ABL1 kinase domain sequence

Total RNA obtained from leukemic cells or xenograft tumors ex-
pressing WT and Inactive RAG served as a template for cDNA syn-
thesis, respectively, as recommended by the manufacturer (BioRad
iScript cDNA Synthesis Kit). Amplification of the BCR-ABL1 kinase
domain was done by two-step PCR to exclude amplification of nor-
mal ABL1. The first round of PCR used BCR-specific (exon 13) and
ABL1-specific (exon 9) primers in 10 cycles of amplification. The sec-
ond round of amplification (30 cycles) focused on the ABL1 kinase
domain (exons 4-6) by high fidelity Pfu DNA polymerase.*° Later,
purified PCR products were cloned into the pMD 18-T vector and

sequenced commercially (Sunny).

2.6 | Statistical analysis

Unpaired t tests and ANOVA multiple tests were performed with
GraphPad Prism 6.0 (GraphPad Software). Descriptive results were
presented as mean + SEM. Data were considered statistically signifi-

cant if P-values were less than 0.05, as indicated.

3 | Results

3.1 | BCR-ABL1 collaborates with RAG to increase
cell growth in vitro

To explore whether RAG endonuclease was responsible for promoting
BCR-ABL1* leukemic cell survival, we first created a lentiviral human
WT RAG expression vector, in which WT RAG1 and WT RAG2 were
co-expressed via the self-cleavage property of the 2A-peptide (P2A),
and green fluorescence protein gene (GFP) was followed by an internal
ribosome entry site (IRES).®! A lentiviral human catalytically Inactive

FIGURE 2 RAG increases tumor formation induced by BCR-ABL1" cells in a xenograft mouse model. A, NOD/SCID mice were
subcutaneously injected with K562 cells expressing wild-type (WT) and Inactive RAG, respectively. t, tumors. The tumor volumes were
measured at the indicated time points. Bars and error bars represent the mean + SEM (n = 4). B, Tumors were excised from NOD/SCID mice
injected with K562 cell line expressing WT and Inactive RAG. The tumor weights are plotted, where each dot represents a tumor from one
mouse. Data represent the mean + SEM (n = 4). C-D, Transcripts of anti-apoptotic genes (C) and pro-apoptotic genes (D) in tumor cells
from mice injected with K562 cell line transducted by lentiviral WT RAG and inactive RAG, respectively. Bars and error bars represent the
mean + SEM (n = 4). E, Western blotting analysis of MCL-1, BCL-XL, BCL2 and BAD proteins in tumors formed by K562 cells expressing

WT and Inactive RAG, respectively. The same blot was reprobed with an anti-GAPDH antibody to assess protein loading. The data were
quantified by ImageJ software and percentage of MCL-1, BCL-XL, BCL2, and BAD level related to GAPDH was presented as mean + SEM
(n=4).* ** and *** represent P < .05, P < .01, and P < .001, respectively. ns, no significant difference
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RAG vector was also generated, in which WT RAG1 was replaced with that ectopic WT RAG induced RSS-related rearrangement, whereas
a D-to-A mutation at position 711 (D711A; Figure S1A). The D711A Inactive RAG lacked DNA cleavage function (Figure S1B,C).

RAG1 mutant is catalytically inactive, which prevents DNA cleav- Next, we performed lentiviral transduction to establish WT
age! The sensitive V(D)J recombination in vitro assay confirmed RAG, Inactive RAG, and empty control-expressing BCR-ABL1* K562,
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mice were subcutaneously injected with THP1 cells expressing wild-type (WT) and Inactive RAG, respectively. The tumor volumes were
measured at the indicated time points. Bars and error bars represent the mean + SEM (n = 4). B, Tumors were excised from NOD/SCID mice
injected with THP1 cell line expressing WT and Inactive RAG. The tumor weights are plotted, where each dot represents a tumor from one
mouse. Data represent the mean + SEM (n = 4). C-D, Transcripts of anti-apoptotic genes (C) and pro-apoptotic genes (D) in tumor cells

from mice injected with THP1 cell line transducted by lentiviral WT RAG and inactive RAG, respectively. Bars and error bars represent the
mean + SEM (n = 4). E, Western blotting analysis of MCL-1, BCL-XL, BCL2, and BAD proteins in tumors formed by THP1 cells expressing WT
and inactive RAG. The same blot was probed with an anti-GAPDH antibody to assess protein loading. The data were quantified by Image)
software and percentage of MCL-1, BCL-XL, BCL2, and BAD level related to GAPDH was presented as mean + SEM (n = 4). ns, no significant
difference [Correction added on 19 May 2021, after first online publication: Figure 3A has been corrected.]
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FIGURE 4 RAG increases y-H2AX expression in BCR-ABL1" cell lines. A-C, Immunofluorescence of indicated cells stained with y-H2AX
antibodies (red) and counterstained with DAPI (blue). Bars, 10 um. The total number of yH2AX foci/cell was counted for 400 cells. Data

are representative of three independent experiments. Bars and error bars represent the mean + SEM. D, Sequence analysis of nucleotide
deletions in coding ends derived from recombination substrate pINV-12/23 in RAG-expressing K562, KCL22, THP1/BA, and THP1 cell
lines. Italic letters represent sequence derived from pINV-12/23. Break1 represents coding end sequence flanked 12RSS; Break?2 represents
coding end sequence close to 23RSS. The representative sequences are presented as indicated. E, Data are summarized from the indicated
clones. Bars and error bars represent the mean + SEM. * **, and *** indicate P < .05, P < .01, and P < .001, respectively. ns, no significant

difference
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FIGURE 5 RAG protects against tyrosine kinase inhibitors (TKI)-induced apoptosis in BCR-ABL1" cells. A-B, Dose-response curves of
wild-type (WT) RAG, Inactive RAG, and empty vector control-expressing K562 cells treated with the indicated concentrations of imatinib (A)
and dasatinib (B) for 72 h. C-D, Dose-response curves of WT RAG, Inactive RAG, and empty vector control-expressing KCL22 cells treated
with the indicated concentrations of imatinib (C) and dasatinib (D) for 72 h. Cell viability was calculated by dividing the viability of the treated
cells by that of the untreated control. Data are representative of three independent experiments and are represented as the mean + SEM.
E-F, Western blotting monitoring the activity of Bcr-Abl kinase as measured by phosphorylated (p) and total CRKL in WT RAG or Inactive
RAG-expressing K562 (E) or KCL22 cells (F) treated with imatinib at the indicated concentrations for 24 h. The same blot was reprobed with
an anti-GAPDH antibody to assess protein loading. Data are representative of three independent experiments. The data were quantified

by Image) software and the percentage of phosphorylated CRKL level related to total CRKL is presented as mean + SEM. * and ** represent
P < .05 and P < .01, respectively [Correction added on 19 May 2021, after first online publication: Figure 5D has been corrected.]

KCL22, and BCR-ABL1™ THP1 cell lines, which were in absence of en-
dogenous RAG expression.32 Approximately 90% of GFP* cells were
sorted after infection. The level of WT RAG expression was similar
to that of Inactive RAG in each GFP™ cell (Figure 1A). RAG endonu-
clease activities were comparable in all three cell lines (Figure S1D).
Furthermore, the similar levels of BCR-ABL1 protein were individ-
ually induced into expressing WT RAG, Inactive RAG, and empty
control THP1 cell lines (Figure S1E). Cell division data showed that
WT RAG-expressing BCR-ABL1" cells grew faster than those ex-
pressing Inactive RAG and empty vectors in 72 h. By comparison,
cell growth in vitro in the empty vector control, WT, and Inactive
RAG-expressing BCR-ABL1™ cells exhibited no significant differences
(Figure 1B). Moreover, the basal levels of apoptosis genes were com-
parable between the three cell lines when analyzed using quanti-
tative RT-PCR (qRT-PCR) (Figure S2A). The transcription levels of
anti-apoptotic genes BCL-2, BCL-XL, MCL-1, BCL-W, A1, and CIAP2
were 2-fold to 16-fold higher in WT RAG-expressing BCR-ABL1" cells
than in catalytically Inactive RAG-expressing cells or empty vector
control, respectively (Figure 1C-E). Meanwhile, the expression of
pro-apoptotic genes, including BMF, PUMA, BAD, FAS, and BIK, was
1.4-fold to 6-fold lower in BCR-ABL1" cells with WT RAG than those
with Inactive RAG or empty vector, respectively (Figure S2B-D). In
contrast, neither anti-apoptotic nor pro-apoptotic gene expression
demonstrated a significant difference in WT RAG, Inactive RAG, and
empty control-expressing BCR-ABL1™ THP1 cells. (Figures 1F and
S2E). Altogether, these results indicate that the specific cooperation
between RAG and BCR-ABL1 enhances BCR-ABL1" cell growth in

vitro.

3.2 | RAG recombinase accelerates tumor formation
induced by BCR-ABL1" leukemic cells in a xenograft
mouse model

To further investigate tumorigenesis in BCR-ABL1" leukemic cells
due to RAG-mediated anti-apoptosis in vivo, equal titers of WT and
Inactive RAG-expressing BCR-ABL1* K562 cells were subcutane-
ously injected into NOD/SCID mice. Tumor growth was monitored
by measuring tumor volume weekly after inoculation. Tumors grew
faster in WT RAG-expressing K562 cells than those in Inactive
RAG K562 cells (Figure 2A). At the clinical end point for euthana-
sia, mice injected with WT RAG-expressing BCR-ABL1" cells had in-

creased tumor weights compared to mice inoculated with Inactive

RAG-expressing BCR-ABL1" cells (Figures 2B and S3A). Apoptosis in
WT RAG-expressing K562 tumor cells also diminished compared to
that in K562 tumor cells with Inactive RAG expression (Figure S3B).
The mRNA levels of BCL-2, BCL-XL, MCL-1, BCL-W, A1, CIAP1, and
CIAP2 anti-apoptotic genes were elevated in WT RAG-expressing
K562 tumor cells (Figure 2C). However, the transcription levels of
BMF, PUMA, BAD, FAS, and BIM pro-apoptotic genes were reduced
in tumors derived from WT RAG-expressing K562 cells (Figure 2D).
In addition, the protein levels of BCL-2, BCL-XL, and MCL-1 had in-
creased more in tumors originating from WT RAG-expressing K562
cells than in those derived from K562 cells with Inactive RAG. BAD
protein levels were reduced in tumors of WT RAG-expressing K562
cells (Figure 2E). Similar observations were made in tumors from
a BCR-ABL1" KCL22 cell line transduced with WT or inactive RAG
(Figure S3C-F). There were no differences in the tumor growth,
percentage of leukemic cells undergoing apoptosis and apoptosis-
related gene profiles in NOD/SCID mice injected with WT RAG or
Inactive RAG-expressing THP1 cells (Figures 3 and S4). These find-
ings indicate that BCR-ABL1 by itself creates the environment that
allows RAG to be involved in tumorigenesis.

3.3 | RAG-induced DSB are repaired by a-NHEJ in
BCR-ABL1" cells

linked
to DNA lesions, we measured y-H2AX accumulation using

To determine whether RAG cleavage activity was

immunofluorescence.®3%5 We found higher numbers of y-H2AX
foci per cell in WT RAG-expressing BCR-ABL1" K562 and KCL22
cells compared with Inactive RAG-expressing cells (Figure 4A,B).
However, either WT RAG or Inactive RAG-expressing BCR-ABL1™
THP1 cells lacked y-H2AX accumulation (Figure 4C). These results
suggest that RAG activity causes genomic DNA lesions in BCR-ABL1"
leukemic cells.

It was counterintuitive that WT RAG-expressing BCR-ABL1" cells
were more prone to anti-apoptosis but displayed y-H2AX accumu-
lation. Therefore, we hypothesized that RAG-expressing BCR-ABL1*
cells preferred to choose a-NHEJ to response RAG-induced DNA
lesions, which increased cell survival due to genomic instability. In
support of this hypothesis, our findings indicated that RAG activity
led to an increase in the expression of several a-NHEJ molecules and
to a reduction in the expression of c-NHEJ proteins in BCR-ABL1"
cells (Figure S5). To determine whether RAG-expressing BCR-ABL1*
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FIGURE 6 High levels of RAG and y-H2AX expressions in CD34* bone marrow cells derived from primary CML-CP and CML-LBC
patients. A, The transcripts of RAG1 and RAG2 in CD34" BM cells derived from CML-CP and CML-LBC patients. BV173 cells derived from
CML in lymphoid blast crisis served as the positive control for RAG expression. -actin was used as a control for cDNA loading. B, Western
blotting analysis protein levels of y-H2AX in CD34* BM cells derived from CML-CP and CML-LBC patients. The same blot was reprobed
with an anti-GAPDH antibody to assess protein loading. The data were quantified by ImageJ software and the percentage of y-H2AX level
related to GAPDH was presented as mean + SEM (n = 4). C, Genomic PCR of IKZF1. A3-6 deletion with primers located in intron 2 and
intron 6 in CD34"* BM cells derived from CML-CP and CML-LBC patients; a-actin is used as a control for DNA loading. D, RAG2-knockout
BV173 was generated by CRISPR/Cas9-mediated deletion using three sgRNA (RAG2 KO1-KO3). The depleting efficiency was confirmed by
western blotting. GAPDH was used as protein loading control. E, The proliferation rates of cells derived from BV173 and BV173 RAG2 KO1
were assayed for 72 h. Five independent experiments were repeated. Data represent the mean + SEM. * and ** indicate P < .05 and P < .01,

respectively

cells preferred to choose a-NHEJ to response DNA lesions, we in-
troduced a retroviral recombination substrate into expressing WT
RAG BCR-ABL1" and BCR-ABL1™ cell lines and examined the sub-
strate rearrangement using genomic PCR with the indicated primers
(Figure S1B). We sequenced 160 clones containing PCR fragments
derived from the coding joints in the indicated cell lines. Sequence
analysis revealed that the a-NHEJ repair pathway is characterized
by coding joint ends with deletions of more than five nucleotides.
Our results showed that 26% of coding joint ends had deletions of
more than five nucleotides in WT RAG-expressing BCR-ABL1" cells,
but only 12% of WT RAG-expressing BCR-ABL1™ cells had similar de-
letion patterns (Figure 4D,E; Table S4). These observations demon-
strate that RAG-mediated DSB are likely to be repaired by a-NHEJ
pathway, albeit with impaired genomic integrity in BCR-ABL1" leu-
kemic cells.

3.4 | RAG s linked to decreased sensitivities
to tyrosine kinase inhibitors by BCR-ABL1
signaling activation

To investigate whether RAG was involved in TKl resistance, we meas-
ured cell viability and 1C50 values of BCR-ABL1" cells with WT RAG,
Inactive RAG, or empty vector control treated with imatinib and da-
satinib for 72 h. The data indicated that RAG significantly increased
cell viability and the IC50 values of BCR-ABL1" cells compared to
Inactive RAG and empty vector control (Figures 5A-D and S6A-D).
gRT-PCR showed that the levels of BCR-ABL1 transcripts were not
significantly different in either WT or Inactive RAG-expressing BCR-
ABL1" cell lines and in xenograft tumors (Figure S6E,F). Sequence
analysis of the cDNA corresponding to the ABL1 kinase portion re-
vealed that RAG did not introduce ABL1 kinase domain mutations or
deletions (Table S5).

To determine whether RAG-regulated TKI failure was due to in-
creased BCR-ABL1 activity, we measured the level of phosphory-
lated CRKL following TKI treatment. WT RAG-expressing BCR-ABL1*
cells significantly increased phosphorylation of CRKL compared to
cells with Inactive RAG (Figure 5E,F). We also showed that the effi-
ciency of imatinib treatment in WT RAG-expressing K562 cells was
2-fold lower than in Inactive RAG-expressing K562 cells (Figure S7A-
C). Consistent with the data, WT RAG-expressing K562 cells showed

decreased cleaved PARP expression levels following imatinib

treatment (Figure S7D). The data suggest that the refractoriness to
TKI therapy caused by RAG is independent of BCR-ABL1 expression
and BCR-ABL1 kinase domain mutations but is associated with the
activation of BCR-ABL signaling.

3.5 | Primary human CML-LBC
blasts are characterized by high levels of RAG and
y-H2AX expression

CML-LBC and BCR-ABL1" ALL cells continually express RAG proteins,
which could damage DNA during clonal evolution of the diseases.®’
To determine whether RAG mediated genomic DNA lesions in BCR-
ABL1" patients, we first confirmed that CD34" CML-LBC BM cells
expressed RAG protein, but there was no RAG expression in CD34*
CML-CP BM cells with RT-PCR (Figure 6A). We continued to show
that DNA damage indicator y-H2AX expression was elevated in
CML-LBC BM cells compared to that in CML-CP BM cells (Figure 6B),
suggesting that endogenous RAG mediates genomic DNA damage in
CML-LBC. Furthermore, we demonstrated the increased expression
of the RAG genes correlated with the A3-6 IKZF1 deletion in CML-
LBC patients (Figure 6C), which concurs with previous findings.%”3¢
To ascertain the exact role of RAG in CML-LBC, the RAG2 knockout
(KO) BV173 cell line originated from CML in lymphoid blast crisis
was generated using CRISPR/Cas9-based gene-editing technology.
The RAG2 KO1 cells exhibited the greatest knockout efficiency
compared to those infected with KO2, KO3 RAG2 sgRNA, or non-
targeting sgRNA control (named WT; Figure 6D). The significant inhi-
bition of cell growth was revealed in RAG2 KO1 BV173 cells for 72 h
(Figure 6E). The data imply that RAG is one of the risk factors for the
transformation of CML-CP to CML-LBC.

4 | DISCUSSION

Here, we demonstrate that BCR-ABL1 cooperates with RAG to en-
hance BCR-ABL1" cell survival in vitro and in vivo. RAG-expressing
BCR-ABL1" cells are predominantly biased to selecting the a-NHEJ
pathway in response to RAG endonuclease activity. RAG confers
to reduce TKI sensitivity by activating BCR-ABL1 signaling in BCR-
ABL1" cells, which is independent of BCR-ABL1 expression and

mutations in the BCR-ABL1 kinase domain. Thus, our data provide
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insights into the mechanism of RAG involvement in the pathogenesis
of BCR-ABL1" leukemia.

BCR-ABL1 provides the perfect environment for the arrest of
maturation and continuous high expression and accumulation of
RAG recombinase in CML-LBC and BCR-ABL1* ALL cells.***° RAG1
and RAG2 possess their own intrinsic properties and bind various
sites throughout the genome. Interestingly, we show that catalyt-
ically active RAG is critical for accelerated BCR-ABL1* leukemic
cell survival and enhances DNA damage in BCR-ABL1" cells. K562,
KCL22, and THP-1 cells have been reported to contain the mutant
p53 gene.*! To exclude the possibility that p53 status is involved in
the RAG/BCR-ABL1-mediated cell growth capacity, we observed
that WT p53 BV173 cells expressing endogenous RAG grew faster
than those with RAG2 KO, which lacked RAG cleavage activity.*>*
The data demonstrate that RAG activity influences the outcomes
in BCR-ABL1* B-ALL independent of the p53 status. Recent studies
have shown that DNA DSB signals can initiate transcriptional pro-
grams.*** In this regard, RAG-induced DNA breaks regulate lym-
phocyte migration and homing within specific bone marrow niches
through the upregulation of CD62L, CD69, and SWAP70.4¢*” Our
data are consistent with the notion that RAG-induced DSB inhibit
apoptosis through the upregulation expression of anti-apoptotic
genes BCL-2, BCL-XL, and MCL-1 and downregulation of the pro-
apoptotic gene BAD in BCR-ABL1" cells. Therefore, our data under-
score the important roles of RAG in BCR-ABL1" leukemia.

RAG-mediated cleavage events are essential for initiating the
induction of DNA repair enzymes during lymphocyte ontogeny.
The expression of RAG in developing lymphocytes could lead to in-
creased expression or activity of c-NHEJ related DNA-damage re-
pair enzymes, such as DNA-PKcs, DNA-Ligase 4, ATM, KU80, and
ARTEMIS.*®4° However, expression of oncogenic BCR-ABL results
in increased reactive oxygen species (ROS) which, in turn, causes
increased DNA damage. Under these pathophysiological circum-
stances, we show that the key proteins in the c-NHEJ pathway, in-
cluding DNA-PKcs and DNA-ligase 4, are downregulated, whereas
MRE11 and RAD50 proteins belonging to the a-NHEJ pathway are
upregulated. Furthermore, we confirm that RAG-induced DNA dam-
age is repaired by the a-NHEJ pathway in BCR-ABL1" cells by using
the recombination reporter assays. The data provide the evidence
that RAG can lead additional genomic instability and drive disease
progression.

The development of TKI has revolutionized the therapy of CML
patients, but the failure of TKI often occurs in CML-LBC and re-
lapsed BCR-ABL1* ALL.>® Our data do not demonstrate that RAG
leads to the regulation of BCR-ABL1 expression and the introduc-
tion of kinase mutations. The expression of total CRKL seems to be
lower in WT RAG-expressing BCR-ABL1" cells, suggesting that in-
creased CRKL phosphorylation could be secondary to the change
in CRKL levels induced by RAG.*>**”! However, previous studies
have shown that imatinib triggers apoptosis and leads to G1 arrest
and rapid induction of RAG1 and RAG2 expression in v-Abl pro-B
cell lines.>?>® When imatinib resistance is acquired in CML-LBC and
relapsed BCR-ABL1" ALL, it ceased to inhibit leukemic cell growth

+

but continues to increase endogenous RAG expression in BCR-ABL1
ALL.*° Therefore, we propose that it might be prudent to treat BCR-
ABL1" patients with imatinib when the patients already have RAG
expression.

Future research will characterize off-target RAG binding sites in
the genome and focus on how these sites mediate oncogenic trans-
formation in BCR-ABL1"leukemia.
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