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Abstract
The emergence of tyrosine kinase inhibitors as part of a front-line treatment has 
greatly improved the clinical outcome of the patients with Ph+ acute lymphoblastic 
leukemia (ALL). However, a portion of them still become refractory to the therapy 
mainly through acquiring mutations in the BCR-ABL1 gene, necessitating a novel strat-
egy to treat tyrosine kinase inhibitor (TKI)-resistant Ph+ ALL cases. In this report, we 
show evidence that RUNX1 transcription factor stringently controls the expression of 
BCR-ABL1, which can strategically be targeted by our novel RUNX inhibitor, Chb-M'. 
Through a series of in vitro experiments, we identified that RUNX1 binds to the pro-
moter of BCR and directly transactivates BCR-ABL1 expression in Ph+ ALL cell lines. 
These cells showed significantly reduced expression of BCR-ABL1 with suppressed 
proliferation upon RUNX1 knockdown. Moreover, treatment with Chb-M' consistently 
downregulated the expression of BCR-ABL1 in these cells and this drug was highly 
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1  |  INTRODUC TION

Acute lymphoblastic leukemia (ALL) is an acute form of leukemia 
characterized by the emergence of highly proliferative immature 
white blood cells, known as lymphoblasts. Approximately 6000 new 
cases are reported yearly in the United States and ALL is the most 
frequently encountered malignancy in childhood.1-3 ALL is one of the 
first cancers for which an effective chemotherapeutic treatment was 
developed and its cure is now a realistic goal and is achieved in more 
than 90% of affected children,3-6 while only 20%-40% of adults re-
spond to and survive courses of intensified chemotherapies.7,8 This 
difference is supposed to originate from the vulnerability of elderly 
patients who have weakened immune and circulatory organ sys-
tems. Philadelphia chromosome positive ALL (Ph+ ALL) marks a sub-
set of leukemia with distinctive treatment strategy and outcomes 
due to the existence of the BCR-ABL1 pathogenic fusion gene that 
is created by juxtaposing the ABL1 gene on chromosome 9 to part 
of the BCR gene on chromosome 22.3,9 The emergence of imatinib 
mesylate, a tyrosine kinase inhibitor (TKI) that inhibits ABL1, KIT and 
PDGFR, entirely changed the game of anti-leukemia strategy toward 
Ph+ ALL.10,11 Adding imatinib to standard therapy improved the out-
comes for adults with Ph+ ALL, at least in part, by facilitating allo-
geneic stem cell transplant.12 However, a portion of adults steadily 
develop resistance to TKI therapy, mainly through acquiring point 
mutations in the kinase domain of BCR-ABL1 in ALL cells.13 These 
patients can be treated by the next generation of tyrosine kinase 
inhibitors such as nilotinib, dasatinib, or ponatinib. In particular, the 
third-generation TKI, ponatinib, is a potent orally bioavailable pan 
BCR-ABL1 inhibitor that inhibits both wild-type and mutant  BCR-
ABL1  kinase, including the “gatekeeper” T315I mutation, which is 
resistant to all other currently available TKIs.14,15 However, because 
of the risk of cardiovascular side effects, the risk/benefit balance 
must be evaluated for each patient.14 Therefore, a new treatment 
modality against TKI treatment-resistant Ph+ ALL with no side ef-
fects is highly needed.

Runt-related transcription factor 1 (RUNX1), also known as acute 
myeloid leukemia 1 protein (AML1), is an essential master transcrip-
tion factor implicated in the differentiation and the maintenance of 

hematopoietic stem cells.16 In ALL, a well known t(12;21)(p13.1;q22) 
translocation causes the fusion of the ETS variant 6 (ETV6) and RUNX1 
genes (ETV6-RUNX1, formerly TEL-AML1). It is the most common trans-
location in childhood ALL,17 suggesting a fundamental involvement 
of RUNX1 in the pathogenesis of a subset of ALL cases. Intriguingly, 
Yamamoto K et.al.18 reported that the elevated expressions of wild-
type RUNX1 closely correlates with worse outcomes in chronic my-
eloid leukemia (CML) patients, another type of leukemia caused by 
the same chimeric protein BCR-ABL1 as Ph+ ALL but with a different 
break point. The molecular mechanisms underlying the possible inter-
action of RUNX1 and BCR-ABL1, however, have poorly been elucidated 
so far. We have previously reported the requirement of RUNX1 in the 
development and the maintenance of AML,19-24 another form of acute 
leukemia originating in myeloid progenitor cells. In this report, we ad-
dressed the leukemogenic role of RUNX1 in Ph+ ALL and elaborated 
to elucidate the molecular mechanisms in the regulation of BCR-ABL1 
expression and in the proliferation of Ph+ leukemia cells.

2  |  MATERIAL S AND METHODS

2.1  |  Cell lines and plasmids

SU-Ph2 is an imatinib-sensitive cell line established from a patient 
with Ph+ALL. SU/SR is an imatinib-resistant subline of SU-Ph2 ob-
tained after long-term exposure to imatinib until they finally ac-
quired the T315I mutation in BCR-ABL1 gene. These cells were kindly 
gifted from Dr. A. Kanamaru (Department of Internal Medicine, Kinki 
University School of Medicine, Osaka, Japan). ALL-derived BALL-1, 
KOCL-45, SUP-B15, SU-Ph2 and SU/SR cells as well as CML-derived 
MYL, BV173 and K562 cells were maintained in RPMI 1640 medium 
with 10% heat-inactivated FBS and 1% penicillin-streptomycin at 
37°C in 5% CO2.

Human BCR-ABL1 was a kind gift from Nora Heisterkamp 
(Addgene plasmid # 31  285). pENTR1A Dual Selection vector 
(Thermo Fisher Scientific), CSIV-TRE-RfA-UbC-KT and CSII-EF-
MCS-IRES-hKO1 (RIKEN BRC) were used to construct expression 
vectors. All of the products were verified by DNA sequencing.

Number: 15am0301005h0002 and 
19am0101101j0003 effective even in an imatinib-resistant Ph+ ALL cell line. In good agreement with these 

findings, forced expression of BCR-ABL1 in these cells conferred relative resistance to 
Chb-M'. In addition, in vivo experiments with the Ph+ ALL patient-derived xenograft 
cells showed similar results. In summary, targeting RUNX1 therapeutically in Ph+ ALL 
cells may lead to overcoming TKI resistance through the transcriptional regulation of 
BCR-ABL1. Chb-M' could be a novel drug for patients with TKI-resistant refractory 
Ph+ ALL.

K E Y W O R D S
bcr-abl, fusion proteins, gene expression regulation, leukemia, lymphoid, Philadelphia 
chromosome, RUNX1 protein, human
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2.2  |  Dual luciferase reporter assay

HEK293T cells were seeded in 10  mL DMEM supplemented 
with 10% heat-inactivated FBS and 1% PS 1 d before trans-
fection. Cells were transfected with 10  µg of pGL4.20 
harboring the BCR promoter and 1  µg pRL-CMV with polyeth-
ylenimine (PEI; Sigma-Aldrich). The BCR promoter region was 
amplified from the genomic DNA of SU/SR cells using spe-
cific primers (F 5′-TTAGAGGGAGGCTAATCAGGG-3′ and R 
5′-TCCTCGGACGCTAAGCTC-3′). At 24 h after transfection, dox-
ycycline was added at 3 µmol L−1 and incubated for another 24 h. 
The cells were then rinsed twice with PBS and lysed with 1× lysis 
buffer as supplied in the PicaGene® Dual Sea Pansy Luminescence 
kit (TOYO B-net). The luciferase and Renilla luciferase activity 
were measured using ARVO X5 (PerkinElmer).

2.3  |  IC50 evaluation

For cell survival assay, 3 × 104 cells were seeded onto 96-well flat 
plates. The indicated concentrations of PI polyamides or drugs were 
added to the culture medium and cells were incubated for 48 h. Cell 
viability was then assessed using the Cell Count Reagent SF (nacalai 
tesque, Inc) and the Infinite® 200 PRO multimode reader (TECAN). 
Percent inhibition curves were drawn and IC50 of the indicated com-
pounds was calculated based on median-effect method.25

2.4  |  Statistics

Statistical significance of differences between control and experi-
mental groups was assessed using a 2-tailed unpaired Student t test 
and was declared if the P-value was less than .05. Equality of vari-
ances in 2 populations was calculated using the F test. The results 
were represented as the average ± SD values obtained from 3 inde-
pendent experiments.

2.5  |  Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was conducted as previously de-
scribed.26 Briefly, total RNA was extracted from cultured cells using 
the RNeasy mini kit (Quiagen) and reverse transcribed using the 
ReverTra Ace® qPCR RT Master Mix (TOYOBO) to generate cDNA. 
qRT-PCR was conducted on the StepOne™ real-time PCR system 
(Applied Biosystems). Relative expression levels were calculated using 
the 2−ΔΔCt method. Primers used for qRT-PCR are listed in Table S1.

2.6  |  ChIP-PCR

ChIP assay was performed using SimpleChIP® Plus enzymatic 
Chromatin IP Kit (Cell Signaling Technology) according to the 

manufacturer's instructions. Chromatin preparation was processed 
for immunoprecipitation with anti-RUNX1 antibody (ab23980, 
abcam) at 4°C overnight. Following ChIP, DNA was amplified 
with specific primers listed in Table  S2 using Ex Taq® polymerase 
(Takara Bio Inc). Obtained DNA was analyzed using agarose gel 
electrophoresis.

2.7  |  Immunoblotting

Cells were washed twice in ice-cold PBS and lysed in lysis buffer 
as previously described.21 Equal amounts of protein samples were 
loaded onto the gels for each target proteins, separated using SDS-
PAGE and electrotransferred onto 45-µm pore size polyvinylidene 
difluoride membranes (Millipore, IPVH00010). Membranes were 
probed with the following primary antibodies: anti-c-abl (Cell 
Signaling Technology, 2862), anti-RUNX1 (Santa Cruz Biotechnology, 
clone A-2), anti-GAPDH (Santa Cruz Biotechnology, clone 0411), 
anti-phospho-AKT(Ser473; Cell Signaling Technology, 9271), anti-
AKT (Cell Signaling Technology, 9272) and anti-p53 (Santa Cruz 
Biotechnology, clone DO-1) antibodies. For secondary antibodies, 
HRP-conjugated anti-rabbit IgG and anti-mouse IgG (Cell Signaling 
Technology, 7074 and 7076) were used. Primary antibodies and sec-
ondary antibodies were diluted to 1:1000 and 1:5000. Blots were 
visualized using Chemi-Lumi One Super (Nacalai Tesque) and the 
ChemiDoc XRS + Imager (Bio-Rad Laboratories).

2.8  |  shRNA interference

shRNA targeting human RUNX1, BCR-ABL1, and p53 were designed 
and sub-cloned into pENTR4-H1tetOx1, CS-RfA-ETV, CS-RfA-
ETBsd vectors (RIKEN BRC). Non-targeting control shRNA was 
designed against luciferase (sh_Luc). The target sequences were pro-
vided in Table S3.

2.9  |  Xenograft mouse model

NOD/Shi-scid, IL-2RγKO (NOG) mice were purchased from the 
Central Institute for Experimental Animals, Japan and were used as 
controls in all experiments. For leukemia cell lines mouse xenograft 
models, 2 × 106 cells/body of SU/SR cells with doxycycline-inducible 
shRNA expression vector targeting Luciferase or RUNX1 were injected 
intravenously into NOG mice. At 7 d after transplantation, 1 mg/mL 
doxycycline (Sigma) and 30 mg/mL sucrose (Wako) were added to the 
drinking water and started to be given orally. Peripheral blood was 
then collected every week and chimerism was checked by a flow cy-
tometer. For the patient-derived xenograft (PDX) study, PDX cells were 
provided by Dr. Itaru Kato's group. Appropriate informed consent was 
obtained from this patient. At the age of 6, she was diagnosed with 
Ph1-positive BCP-ALL (minor BCR-ABL1-positive), and was in remis-
sion with multidrug chemotherapy including imatinib. At 1 y and 6 mo 
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after the diagnosis, she had a isolated central nervous system (CNS) 
recurrence. She achieved remission again after switching to dasatinib, 
Hyper-CVAD, and intensified intrathecal injections. Bone marrow 
transplantation was performed from an HLA-matched relative donor, 
but she had the second relapse in the CNS. At the second CNS recur-
rence, the T315I mutation was tested and was negative. She became 
refractory to treatment and died 1 y and 4 mo after transplantation. 
The PDX cells used in this study were established using leukemia cells 
collected from cerebrospinal fluid at the time of the first relapse of 
the CNS alone. These PDX cells were intravenously transplanted into 
NOG mice. At 2 wk after transplantation, Chb-M' (320  μg/kg body 
weight, twice per week) or DMSO (the equivalent amount, twice per 
week) administration was intravenously started, and oral administra-
tion of imatinib mesylate (Tokyo Chemical Industry Co., Ltd., 100 mg/
kg body weight, daily) was started. Bone marrow was then collected 
every week and chimerism was checked using a flow cytometer and 
an anti-human CD45 antibody and an anti-mouse CD45 antibody 
(BD Biosciences). Overall survival was monitored until the mice suc-
cumbed to their disease. For the bone marrow of 1 representative of 
each group at day 36, H&E staining and immunohistochemical stain-
ing with anti-human CD45 antibody (Thermo Fisher Scientific, MA5-
13197), anti-Ki-67 antibody (Agilent, M7240), anti-RUNX1 antibody 
(Abcam, ab35962) and anti-BCR (BCR-ABL1 p190/p210) antibody 
(Santa Cruz Biotechnology, G6) were done.

2.10  |  Study approval

All animal studies were properly conducted according to the 
Regulations on Animal Experimentation at Kyoto University, 
based on International Guiding Principles for Biomedical Research 
Involving Animals. All procedures used in this study were approved 
by the Kyoto University Animal Experimentation Committee (Permit 
Number: Med Kyo 14 332). PDX analysis was approved by the Kyoto 
University Hospital Ethical Board (Approval number: G-1030).

3  |  RESULTS

3.1  |  Knockdown of RUNX1 suppresses the 
proliferation of Ph+ ALL cell lines

To explore the role of RUNX1 in the maintenance of Ph+ ALL cells, we 
first modulated the expression of RUNX1 in human Ph+ ALL-derived 

SU/SR cells with doxycycline-inducible shRNA. SU/SR cells are ge-
netically identical to SU-Ph2 cells except for the T315I point mutation 
in the ABL1 protein, which confers major resistance to TKI treatment 
(Figure S1).27-30 As shown in Figure 1A,B, silencing of RUNX1 signifi-
cantly suppressed the cell growth of SU/SR imatinib-resistant Ph+ ALL 
cells in vitro. Intriguingly, this RUNX1 inhibition-mediated suppression 
of tumor growth was observed not only in Ph+ ALL-derived SU/SR and 
SU/Ph2 cells, but also in CML-derived MYL and K562 cells (Figure S2). 
As widely known, while BCR-ABL1 p190 occurs in the majority of Ph+ 
ALL cases, BCR-ABL1 p210 is the hallmark of CML, and both fusion 
genes are thought to be under the control of the BCR promoter. These 
results prompted us to further investigate the role of RUNX1 in BCR-
ABL1-dependent hematologic malignancies.

We next investigated the effect of RUNX1 inhibition in Ph+ ALL 
cells in vivo, and prepared a Ph+ ALL xenograft model. We transplanted 
SU/SR cells that had been stably transduced with lentivirus express-
ing control sh_Luc or sh_RUNX1 into immunodeficient NOG mice. At 
7 d after the transplantation, doxycycline administration was started 
to induce in vivo RUNX1 knockdown (Figure  1C). Peripheral blood 
was collected every week to check the chimerism of transplanted ALL 
cells (Figure  1D). Overall survival periods were monitored until they 
succumbed to their disease. Thoroughly consistent with the results 
observed in the in vitro experiments, NOG mice transplanted with 
RUNX1-silenced SU/SR cells exhibited prolonged survival with statisti-
cal significance (Figure 1E). These mice showed lessened tumor burdens 
in the spleen and the bone marrow relative to the control (Figure 1F-H).

3.2  |  RUNX1 directly transactivates the 
expression of BCR-ABL1

As we found that RUNX1 expression is a prerequisite for the prolif-
eration of Ph+ ALL cell lines, we assumed that its expression might 
be elevated in Ph+ ALL patients. As shown in Figure 2A, analysis of 
a microarray dataset elucidated that the expression of RUNX1 in-
deed increased in the bone marrow cells and peripheral blood cells 
derived from Ph+ ALL patients relative to those from the healthy 
donors and non-leukemic patients. In this data set (GSE13204), non-
leukemic patients included those with megaloblastic anemia, he-
molysis, iron deficiency, or idiopathic thrombocytopenic purpura. As 
the expression of the oncogenic BCR-ABL1 fusion gene is regulated 
under the BCR promoter, as we have mentioned, this finding led us to 
hypothesize that the expression of the BCR-ABL1 fusion gene might 
be transcriptionally controlled by RUNX1.

F I G U R E  1  The expression of RUNX1 is required in the maintenance of Ph+ ALL cells. A, Cell growth curves of SU/SR cells transduced 
with shRNAs targeting RUNX1 (sh_RUNX1 #1 and sh_RUNX1 #2) or luciferase (sh_Luc). B, Immunoblot of RUNX1 and GAPDH in SU/
SR cells transfected with sh_Luc, sh_RUNX1 #1 and sh_RUNX1 #2. Cells were treated with 3 µmol L−1 doxycycline for 24 h. C, Schema of 
xenotransplantation assay in NOG mice with SU/SR cells (sh_Luc or sh_RUNX1#1). D, Chimerism of transplanted leukemia cells in (C; n = 5). 
E, Overall survival of NOG mice in (C; n = 11). F, G, Organ images of the livers (F) and the spleens (G) with the weight boxplots at day 40 in 
(C; n = 5). H, Representative histology pictures of the bone marrow at day 40 in (C). H&E staining and immunohistochemical staining with 
anti-human CD45 antibody were done for each slide (original magnification; ×10 (upper panels) and ×40 (lower panels), Scale bars; 200 μm). 
Mean ± SD. *P < .05, **P < .01, ***P < .001, using two-tailed Student t test (A, D), log-rank (E), Mann-Whitney U test (F, G)
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To test our hypothesis, we first examined the expression of 
BCR-ABL1 upon RUNX1 knockdown in SU/SR cells. As shown in 
Figure 2B,C, the expression of BCR-ABL1 was significantly downreg-
ulated in RUNX1-silenced SU/SR cells relative to the control both at 
mRNA and protein levels. In addition, the phosphorylation level of 
AKT, one of the most important downstream targets of BCR-ABL1, 
was also significantly reduced upon knockdown of RUNX1 in SU/SR 
cells (Figure 2C). Of note, the growth rate of SU/SR cells was atten-
uated upon BCR-ABL1 knockdown to the extent of RUNX1-silencing, 
underpinning the importance of RUNX1 in the regulation of BCR-
ABL1 expression (Figure  S3). To address whether RUNX1 directly 
transactivates BCR-ABL1 expression, we next conducted lucifer-
ase reporter assays using the BCR promoter in HEK293T cells. We 
prepared HEK293T cells that were stably transduced with shRNAs 
targeting RUNX1 or lentivirus expressing RUNX1. These cells were 
transiently transfected with a vector harboring a luciferase reporter 
fused to the BCR promoter (located at −1000 to +200 bp relative to 
the transcription start site [TSS] of BCR gene), and the expression 

of shRNAs or RUNX1 was induced by doxycycline. As shown in 
Figure 2D, while inhibition of RUNX1 downregulated the activity of 
the BCR promoter, additional RUNX1 expression consistently upreg-
ulated its activity. Close inspection of the BCR promoter uncovered 
the RUNX1 consensus binding site of 5′-TGTGGT-3′ at 802 bp up-
stream of the TSS of BCR. ChIP experiments confirmed the actual 
binding of RUNX1 in this region (Figure  2E). These results collec-
tively suggested that RUNX1 binds to the promoter of BCR-ABL1 in 
Ph+ ALL cells and positively regulates it, which could potentially be 
targeted in anti-leukemia therapy toward this cancer.

3.3  |  Novel RUNX inhibitor, Chb-M’, induces 
Ph+ALL cell death BCR-ABL1-dependently

To further investigate the role of RUNX1 in Ph+ALL cells, we next 
pharmacologically inhibited RUNX1 by our novel RUNX inhibitor 
Chb-M’21 and examined its anti-leukemia effect on Ph+ ALL cells. 

F I G U R E  2  R Runt-related transcription factor 1 (RUNX1) directly transactivates the expression of BCR-ABL1. A, RUNX1 expression (probe 
ID:209360_s_at., GSE13204) in pediatric Ph+ ALL (mean = 0.5123, n = 122) and in the control samples (mean = 0.4278, n = 79). B, Relative 
mRNA expression of BCR-ABL1 in SU/SR cells stably transduced with sh_Luc, sh_RUNX1 #1 or sh_RUNX1 #2. Cells were treated with 3 µmol 
L−1 doxycycline for 24 h. C, Immunoblot of RUNX1, BCR-ABL1, phosphorylated-AKT (p-AKT), AKT and GAPDH in the same SU/SR cells as 
(B). Cells were treated with 3 µmol L−1 doxycycline for 24 h, then lysed for protein extraction. D, Luciferase reporter activity of BCR promoter 
in HEK293T cells upon knockdown (sh_RUNX1#1) or overexpression (RUNX1 O/E) of RUNX1 with immunoblot images of RUNX1 and 
GAPDH in the samples. E, Gel image of ChIP-PCR in SU/SR cells with RUNX1 antibody. The binding of RUNX1 transcription factors to the 
BCR promoter was assessed with the primers amplifying the region including the RUNX1 consensus binding site (5′-TGTGGT-3′) located at 
802 bp upstream of TSS (R1). RPL30 was used as RUNX1-irrelevant negative control. Mean ± SD. *P < .05, ***P < .001, using Mann-Whitney 
U test (A), two-tailed Student t test (B, D)
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Chb-M’ is a pyrrole-imidazole polyamide interlocked with a hairpin 
conjugated with alkylating reagent chlorambucil that specifically 
recognizes DNA sequences containing 5′-TGTGGT-3′, a canonical 
RUNX1 recognition site. To start with, we examined the specific-
ity of the pyrrole-imidazole polyamide to the 5′-TGTGGT-3′ region 
in the BCR promoter by ChIP assay. For this purpose, we prepared 
alkylating agent-free Chb-M' (Simple-M') and tested whether the 
binding of RUNX1 to the 5′-TGTGGT-3′ site in the BCR promoter was 
competitively inhibited by adding Simple-M'. As shown in Figure 3A, 
Simple-M' apparently removed RUNX1 from the BCR promoter in 
our ChIP experiment dose dependently.

With respect to the antitumor effect on Ph+ ALL cells, Chb-M' 
effectively controlled their proliferation in several Ph+ ALL cell lines 
that we tested in this study (Figure 3B, Figure S4A-D). Furthermore, 
treatment with Chb-M' downregulated the expression of BCR-ABL1 
both at mRNA and protein levels in these cells (Figures  3C,D and 
S4E-H). Contrary to Figure  3A, Chb-M' suppressed BCR-ABL1 ex-
pression at lower concentration, suggesting that DNA alkylation 
by chlorambucil is important for transcriptional regulation, as de-
scribed in our previous reports.31,32 The phosphorylation of AKT 
was also consistently reduced in SU/SR cells upon Chb-M' treatment 
(Figure  3D). These results were thoroughly consistent with those 
obtained in the RUNX1 knockdown experiments. Of note, additional 
BCR-ABL1 expression in SU/SR cells and MYL conferred relative re-
sistance to Chb-M' treatment (Figures 3E,F and S5). Moreover, we 
found that Chb-M' preferentially suppresses the growth of ALL cells 
with BCR-ABL1 relative to those without it (Figure  3G). These re-
sults collectively suggested that the anti-leukemia effect of Chb-M' 
largely depended on this oncogenic fusion gene.

We have previously found and reported that the growth sup-
pression induced by Chb-M' is highly dependent on the p53 cell 
death pathway.21 Therefore, we tested whether p53 significantly 
contributed to the Chb-M'-mediated growth suppression in SU/SR 
cells. For this purpose, we prepared p53-knocked down SU/SR cells 
and challenged them with Chb-M'. As shown in Figure S6A-F, p53 
knockdown indeed conferred relative resistance to Chb-M' to a cer-
tain extent, suggesting a possible involvement of p53 in the Chb-M'-
mediated tumor suppression in these cells, however, the growth of 
p53-silenced SU/SR cells was still effectively controlled by Chb-M' at 
submicromolar levels. Considering the significant resistance to Chb-
M' conferred by BCR-ABL1 overexpression in these cells (Figure 3E), 
these results overall indicated that the growth suppression mediated 
by Chb-M' was dependent on both functional p53 and BCR-ABL1, 
however possibly more on BCR-ABL1 in these Ph+ ALL cells.

3.4  |  Chb-M' significantly suppresses the growth of 
Ph+ ALL PDX cells by downregulating BCR-ABL1 
expression in vivo

We investigated the effects of Chb-M' on Ph+ ALL PDX cells in vivo. 
We transplanted Ph+ ALL PDX cells derived from the first relapse 
patient into NOG mice. At 2 wk after the transplantation, Chb-M' 

administration was started to treat these mice. DMSO and imatinib 
mesylate were injected as controls (Figure 4A). Bone marrow was 
collected every week to check the chimerism of transplanted ALL 
cells. Chb-M' significantly suppressed the cell growth of Ph+ ALL 
PDX cells in the bone marrow, compared with DMSO at week 5 
(Figure  4B). NOG mice treated with Chb-M' had significantly pro-
longed overall survival compared with mice treated with DMSO 
(Figure 4C), which is consistent with the results observed in our pre-
vious in vivo experiments with the SU/SR Ph+ ALL cell line.21 The 
patient sample was negative for the T315I mutation, but imatinib did 
not prolong survival compared with controls in PDX experiments. 
To investigate the mechanism of imatinib resistance, we performed 
mutation analysis on the RNA-seq data of the PDX cells, and the re-
sults are listed in Table S4, which showed no mutations in the ABL1 
gene, including T315. The underlying mechanism of imatinib resist-
ance in Ph+ leukemia patients, in addition to mutations in the kinase 
domain of ABL1, has recently been shown to be due to the genomic 
amplification of BCR-ABL1 or the upregulation of the BCR-ABL1 tran-
script level.33-35 FISH of BCR-ABL1 showed that most leukemic cells 
at the patient's initial diagnosis had 3 signals of BCR-ABL1, indicating 
genomic amplification of BCR-ABL1. In addition, the mRNA expres-
sion of RUNX1 and BCR-ABL1 was increased in relapse-derived PDX 
cells compared with that in primary-derived PDX cells (Figure S7). 
This is consistent with the previous report that high expression of 
RUNX1 is associated with disease progression of CML.18 From these 
results, the imatinib resistance in the PDX cells may be due to the 
increased expression of BCR-ABL1 associated with increased copy 
number of BCR-ABL1 and upregulation by RUNX1. As shown in the 
H&E staining and immunohistochemistry (human CD45 and Ki-67) 
panels, Chb-M' lessened the tumor burdens in the bone marrow 
relative to the controls. In addition, Chb-M' suppressed RUNX1 and 
BCR-ABL1 expression of leukemic cells as shown by immunohisto-
chemistry (Figure 4D). Taken together, our RUNX inhibitor, Chb-M', 
could be used as a novel drug for patients with TKI-resistant refrac-
tory Ph+ ALL through the downregulation of BCR-ABL1 (Figure 4E).

4  |  DISCUSSION

Runt-related transcription factor 1 (RUNX1) forms a heterodimeric 
complex with core binding factor-β (CBFβ) on DNA promoter re-
gions and regulates the expression of diverse target genes that are 
essential for the survival of certain cancers. Yamamoto et al18 have 
previously reported that functionally deregulated RUNX1 cooper-
ates with BCR-ABL1 and induces a blastic phase-like phenotype of 
CML in mice. In this study, we found that RUNX1 directly targets 
BCR-ABL1 in Ph+ ALL cells through regulating the BCR promoter. 
According to Shah et al36, a functional promoter of BCR is local-
ized in a region 1000  bp upstream of the BCR exon 1 coding se-
quence, which includes the RUNX consensus binding sequence 
we identified in this study. In addition to this study, a few groups 
have previously studied and reported the functional regulation of 
the BCR promoter. For example, Sharma et al37 have shown that 
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MYC and MAX genes interact with the BCR promoter and regu-
late its transcription. To our knowledge, however, this is the first 
study that provides evidence for a possibility of pharmacological 
intervention in the transcriptional regulation of BCR-ABL1 gene. As 
acquisition of point mutations in the BCR-ABL1 gene is the major 
mechanism that hampers TKI-mediated tumor suppression in Ph+ 
ALL patients, therapies that directly modulate the expression of 
BCR-ABL1 can be a reasonable strategy to overcome the current 
clinical problems related to TKIs. Together with our previous finding 
that Chb-M' is highly effective against T315I mutation positive Ph+ 

ALL cells even in vivo with minimal side effects,21 our work not only 
unveiled the novel role of RUNX1 transcription factor in the trans-
activation of BCR-ABL1 expression, but also potentially provides 
alternative choice for the patients with TKI treatment-resistant Ph+ 
ALL. Moreover, our study provides pieces of evidence that not only 
Ph+ ALL cells but also CML cells might be efficiently controlled by 
RUNX1 inhibition.

Conversely, other RUNX inhibitors that stand on other mech-
anisms of action (ex. Ro5-333538) should also be tested in these 
tumors to further validate our results. In addition, addressing the 

F I G U R E  3  Anti-leukemic efficacy of RUNX inhibitor Chb-M' in Ph+ ALL cells. A, Gel image of ChIP-PCR in SU/SR cells treated with DMSO 
or Simple-M' (10, 25 µmol L−1) for 12 h in the same way as Figure 2E. Bands were quantified using Image Lab software (Bio-Rad Laboratories) 
and normalized to that of the control. B, Dose-response curves of SU/SR cells treated with the indicated doses of Chb-M' (IC50: 658 nmol 
L−1) and imatinib (IC50: 18.2 µmol L−1) for 48 h. C, BCR-ABL1 mRNA expression in SU/SR cells treated with DMSO or Chb-M' (1 µmol L−1) for 
9 h. D, Immunoblot of BCR-ABL1, phosphorylated-AKT (p-AKT), AKT and GAPDH in SU/SR cells treated with DMSO or Chb-M' (1 µmol L−1) 
for 24 h. E, Dose-response curves of SU/SR cells stably transduced with control (IC50: 143 nmol L−1) or BCR-ABL1 expressing vectors (IC50: 
33.1 µmol L−1) for 48 h. F, Immunoblot of BCR-ABL1 and GAPDH in (E). Cells were treated with 3 µmol L−1 doxycycline for 48 h. G, Dose-
response curves of ALL cell lines with BCR-ABL1 (SU-Ph2 [IC50: 849 nmol L−1], SU/SR (IC50: 658 nmol L−1) and SUP-B15 [IC50: 167 nmol L−1]) 
and ALL cell lines without BCR-ABL1 (BALL-1 [IC50: 21.7 µmol L−1] and KOCL-45 [IC50: 6.04 µmol L−1]) treated with the indicated doses of 
Chb-M' for 48 h. Mean ±SD. **P < .01, using two-tailed Student t test (C)
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    |  537MASUDA et al.

roles of other RUNX family members such as RUNX2 and RUNX3 
will help elucidate how RUNX family transcription factors generally 
contribute to the pathogenesis of BCR-ABL1 positive tumors includ-
ing Ph+ ALL. Although the role of BCR itself has not been fully elu-
cidated in tumorigenesis, we are assuming that the RUNX inhibition 
strategy can potentially be applied to cancers that are dependent on 
BCR, such as metastatic colorectal cancer.39 The efficacy of avail-
able RUNX inhibitors should also be tested in these tumors in future 
studies. From mutations of PDX cells (Table  S4), based on known 
driver genes in pediatric B-cell precursor ALL,40 we extracted the 2 
driver genes, MSH6 and CREBBP. Of them, CREBBP mutations have 
been identified as a mechanism of resistance in ALL,41 and somatic 
variants in epigenetic modifiers including CREBBP can predict failure 
of response to imatinib in chronic-phase CML.42 These suggest that 

imatinib resistance in PDX cells may be due to the CREBBP mutation 
in addition to the high expression of BCR-ABL1.

In conclusion, we have discovered a vital role of the RUNX1 tran-
scription factor in the regulation of BCR-ABL1 expression and in the 
maintenance of Ph+ ALL cells not only in human leukemia cell lines 
but also in PDX cells. RUNX1 could be an ideal target in the treat-
ment of Ph+ ALL, and future clinical trials with our novel RUNX in-
hibitor Chb-M' in these patients are awaited.
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F I G U R E  4  Chb-M' significantly suppresses the growth of Ph+ ALL PDX cells by downregulating BCR-ABL1 expression in vivo. A, 
Schema of transplantation assay in NOG mice with Ph+ ALL PDX cells. These mice were treated with DMSO, imatinib mesylate or Chb-M'. 
B, Chimerism of transplanted leukemia cells in bone marrow (n = 7). C, Overall survival of NOG mice transplanted with Ph+ ALL PDX 
cells (n = 6). D, Representative histology pictures of bone marrow at day 36. H&E staining and immunohistochemical staining with anti-
human CD45 antibody, anti-Ki-67 antibody, anti-RUNX1 antibody and anti-BCR (BCR-ABL1) antibody were done for each slide (original 
magnification; ×10, Scale bars; 50 μm). E, Graphical abstract of this study. RUNX1-silencing inhibits the transactivation of BCR-ABL1 
expression and therefore attenuates the proliferation of BCR-ABL1 fusion gene-dependent leukemia cells. Our RUNX inhibitor, Chb-M', 
could be potentially a novel drug for Ph+ ALL with TKI resistance through the downregulation of BCR-ABL1. Mean ± SD. *P < .05, NS; not 
significant, using two-tailed Student t test (B), log-rank (C)
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Figure S1 

   

Dose-response curves of SU-Ph2 (IC50 value: 38.2 nM) and SU/SR (IC50 value: 18.2 µM) cells 

treated with the indicated doses of imatinib for 48 hours (Three independent experiments). Mean ± 

SD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S2 

 

 

(A-C) Cell growth curves of SU-Ph2 (A), MYL (B) and K562 (C) cells transduced with sh_Luc. or 

sh_RUNX1. Mean ± SD (Three independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001. 

(D-F) Immunoblot of BCR-ABL1, RUNX1 and GAPDH in SU-Ph2 (D), MYL (E) and K562 (F) cells 

transduced with sh_Luc or sh_RUNX1. Cells were cultured with 3 µM doxycycline for 48 hours before 

lysed for protein extraction. 
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Figure S3 

    

(A) Cell growth curves of SU/SR cells transduced with sh_Luc or sh_BCR-ABL1. Mean ± SD (Three 

independent experiments). * P < 0.05, ** P < 0.01. 

(B) Immunoblot of BCR-ABL1 and GAPDH in SU/SR cells transduced with sh_Luc or sh_BCR-ABL1. 

Cells were cultured with 3 µM doxycycline for 48 hours before lysed for protein extraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S4 

 

 

(A-D) Dose-response curves of CML and Ph+ ALL cells treated with the indicated doses of Chb-M’ 

for 48 hours. MYL (A, IC value: 575 nM) and BV173 (B, IC value: 33 nM) cells are derived from 

CML cells, and SU-Ph2 (C, IC value: 849 nM) and SUP-B15 (D, IC value: 153 nM) cells are derived 

from Ph+ ALL cells (Three independent experiments). Values are mean ± SD. 

(E-H) Immunoblot of BCR-ABL1 and GAPDH in MYL (E), BV173 (F), SU-Ph2 (G) and SUP-B15 

(H) cells treated with Chb-M’ or control DMSO for 24 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S5 

 

(A) Cell viability (% of untreated) of control and BCR-ABL1 O/E MYL treated with Chb-M’ 1 µM for 

48 hours. Mean ± SD (Three independent experiments), * P < 0.05. 

(B) Immunoblot of BCR-ABL1 and GAPDH in MYL. 
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Figure S6 

   

 

(A) Dose-response curves of SU/SR cells transduced with sh_Luc or sh_p53 treated with the indicated 

doses of Chb-M’ for 48 hours (n =4). Values are mean ± SD. 

(B) Immunoblot of p53 and GAPDH in SU/SR cells transduced with sh_Luc or sh_p53. Cells were 

cultured with 3 µM doxycycline for 48 hours before lysed for protein extraction. 

(C) IC50 values of Chb-M’ for 48 hours in SU/SR cells transduced with sh_Luc or sh_p53. Values are 

mean ± SD (n = 4). 

(D) Dose-response curves of BV173 cells transduced with sh_Luc or sh_p53 treated with the indicated 

doses of Chb-M’ for 48 hours (n =3). Values are mean ± SD. 

(E) Immunoblot of p53 and GAPDH in BV173 cells transduced with sh_Luc or sh_p53. Cells were 

cultured with 3 µM doxycycline for 24 hours before lysed for protein extraction. 

(F) IC50 values of Chb-M’ for 48 hours in BV173 cells transduced with sh_Luc or sh_p53. Values are 

mean ± SD (n = 3). 
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Figure S7 

 

Relative expressions of RUNX1 and BCR-ABL1 in PDX cells at two timings (initial diagnosis or first 

relapse). Cells were processed for RT-qPCR. Values were normalized to that of initial diagnosis (Three 

independent experiments). Mean ± SEM, **P < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1 

 

PCR primers used for RT -qPCR 

 

 Forward (5’ → 3’) Reverse (5’ → 3’) 

GAPDH CATGTTCGTCATGGGGTGAACCA AGTGATGGCATGGACTGTGGTCAT 

RUNX1 CTGCTCCGTGCTGCCTAC AGCCATCACAGTGACCAGAGT 

BCR-ABL1 AACTCGCAACAGTCCTTCGAC CCATTCCCCATTGTGATTATAGC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



able S2 

 

PCR primers used for ChIP 

 

 Forward (5’ → 3’) Reverse (5’ → 3’) 

BCR-ABL1 promoter R1 AGGCAGGTGTGGGTATTGAG CCAGGCTGAGTAACCAATGC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3 

 

Target sequences for shRNA knockdown experiments  

 Targets 

sh_RUNX1 #1 AGCTTCACTCTGACCATCA 

sh_RUNX1 #2 AACCTCGAAGACATCGGCA 

sh_ Luc CGTACGCGGAATACTTCGA 

sh_BCR-ABL1 GGGTCTTAGGCTATAATCA 

sh_p53 ACCATCCACTACAACTACA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4  

 

List of mutations identified by mutation analysis from RNA-seq 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chr Start End Ref Alt Func.refGeneGene.refGene GeneDetail.refGeneExonicFunc.refGene AAChange.refGene

1 1271754 1271754 C T exonic DVL1 . nonsynonymous SNV DVL1:NM_001330311:exon15:c.G1856A:p.R619H,DVL1:NM_004421:exon15:c.G1781A:p.R594H

1 2340068 2340068 C G exonic PEX10 . synonymous SNV PEX10:NM_002617:exon3:c.G423C:p.A141A,PEX10:NM_153818:exon3:c.G423C:p.A141A

1 22816843 22816843 A T exonic ZBTB40 . synonymous SNV ZBTB40:NM_001330398:exon2:c.A402T:p.S134S,ZBTB40:NM_014870:exon2:c.A402T:p.S134S,ZBTB40:NM_001083621:exon3:c.A402T:p.S134S

1 89448729 89448729 C T exonic RBMXL1 . nonsynonymous SNV RBMXL1:NM_019610:exon2:c.G781A:p.G261S,RBMXL1:NM_001162536:exon3:c.G781A:p.G261S

1 89448733 89448733 G T exonic RBMXL1 . synonymous SNV RBMXL1:NM_019610:exon2:c.C777A:p.G259G,RBMXL1:NM_001162536:exon3:c.C777A:p.G259G

1 100376372 100376372 G C exonic AGL . nonsynonymous SNV AGL:NM_000028:exon28:c.G3805C:p.A1269P,AGL:NM_000642:exon28:c.G3805C:p.A1269P,AGL:NM_000643:exon28:c.G3805C:p.A1269P,AGL:NM_000644:exon28:c.G3805C:p.A1269P,AGL:NM_000646:exon28:c.G3757C:p.A1253P

1 145299787 145299787 T G exonic NBPF10 . nonsynonymous SNV NBPF10:NM_001039703:exon6:c.T836G:p.L279W,NBPF10:NM_001302371:exon6:c.T836G:p.L279W

1 145299906 145299906 T G exonic NBPF10 . nonsynonymous SNV NBPF10:NM_001039703:exon6:c.T955G:p.S319A,NBPF10:NM_001302371:exon6:c.T955G:p.S319A

1 148252049 148252049 A C exonic NBPF14 . synonymous SNV NBPF14:NM_015383:exon66:c.T8286G:p.S2762S

1 149783759 149783759 A T exonic HIST2H2BF . synonymous SNV HIST2H2BF:NM_001024599:exon1:c.T120A:p.V40V,HIST2H2BF:NM_001161334:exon1:c.T120A:p.V40V

1 158990320 158990320 G A splicing IFI16 NM_001364867:exon7:c.1161+1G>A;NM_001206567:exon5:c.993+1G>A;NM_005531:exon6:c.1161+1G>A. .

1 161495096 161495096 T C exonic HSPA6 . synonymous SNV HSPA6:NM_002155:exon1:c.T648C:p.A216A

1 161495275 161495275 T C exonic HSPA6 . nonsynonymous SNV HSPA6:NM_002155:exon1:c.T827C:p.L276P

1 161495338 161495338 C A exonic HSPA6 . nonsynonymous SNV HSPA6:NM_002155:exon1:c.C890A:p.T297K

2 15737558 15737558 - A exonic DDX1 . frameshift insertion DDX1:NM_004939:exon5:c.223dupA:p.G77Rfs*6

2 16745267 16745267 G A exonic FAM49A . synonymous SNV FAM49A:NM_030797:exon5:c.C288T:p.S96S

2 32641033 32641033 - A exonic BIRC6 . frameshift insertion BIRC6:NM_016252:exon10:c.2675dupA:p.T894Nfs*3

2 44153096 44153096 G T exonic LRPPRC . nonsynonymous SNV LRPPRC:NM_133259:exon26:c.C2741A:p.P914Q

2 48033499 48033499 T C splicing MSH6 NM_000179:exon8:c.3801+2T>C;NM_001281492:exon6:c.3411+2T>C;NM_001281493:exon7:c.2895+2T>C;NM_001281494:exon8:c.2895+2T>C. .

2 67624714 67624714 C T exonic ETAA1 . nonsynonymous SNV ETAA1:NM_019002:exon1:c.C134T:p.P45L

2 73478562 73478562 T G splicing CCT7 NM_001166284:exon9:c.1149+2T>G;NM_001166285:exon12:c.1278+2T>G;NM_001009570:exon6:c.798+2T>G;NM_006429:exon11:c.1410+2T>G. .

2 174231876 174231876 A C splicing CDCA7 NM_031942:exon9:c.1186-2A>C;NM_145810:exon8:c.949-2A>C. .

2 178988570 178988570 G A exonic RBM45 . nonsynonymous SNV RBM45:NM_001365578:exon7:c.G999A:p.M333I,RBM45:NM_001365579:exon7:c.G1005A:p.M335I,RBM45:NM_152945:exon7:c.G999A:p.M333I

2 201756797 201756797 C T exonic NIF3L1 . nonsynonymous SNV NIF3L1:NM_001142356:exon1:c.C131T:p.S44L,NIF3L1:NM_001136039:exon2:c.C131T:p.S44L,NIF3L1:NM_001142355:exon2:c.C50T:p.S17L,NIF3L1:NM_001369441:exon2:c.C131T:p.S44L,NIF3L1:NM_001369442:exon2:c.C131T:p.S44L,NIF3L1:NM_001369443:exon2:c.C50T:p.S17L,NIF3L1:NM_001369444:exon2:c.C131T:p.S44L,NIF3L1:NM_001369445:exon2:c.C131T:p.S44L,NIF3L1:NM_021824:exon2:c.C50T:p.S17L

2 203162237 203162237 G A splicing NOP58 NM_015934:exon11:c.1206+1G>A. .

2 206911262 206911262 A G exonic INO80D . nonsynonymous SNV INO80D:NM_017759:exon5:c.T1039C:p.S347P

2 242618032 242618032 G T exonic DTYMK . nonsynonymous SNV DTYMK:NM_001320902:exon3:c.C234A:p.D78E,DTYMK:NM_001320904:exon4:c.C306A:p.D102E,DTYMK:NM_012145:exon4:c.C363A:p.D121E,DTYMK:NM_001320905:exon5:c.C480A:p.D160E

3 14444330 14444330 T - splicing SLC6A6 NM_001134367:exon8:c.229+1T>-;NM_001134367:exon9:c.230-1T>-. .

3 40208373 40208373 G A exonic MYRIP . nonsynonymous SNV MYRIP:NM_001284426:exon4:c.G26A:p.R9Q,MYRIP:NM_001284425:exon5:c.G320A:p.R107Q,MYRIP:NM_001284423:exon6:c.G587A:p.R196Q,MYRIP:NM_001284424:exon6:c.G587A:p.R196Q,MYRIP:NM_015460:exon6:c.G587A:p.R196Q

3 122422624 122422624 C T exonic PARP14 . synonymous SNV PARP14:NM_017554:exon7:c.C3117T:p.L1039L

3 132432080 132432080 - A exonic NPHP3 . frameshift insertion NPHP3:NM_153240:exon6:c.1007dupT:p.H337Pfs*10

3 146233866 146233866 G T exonic PLSCR1 . nonsynonymous SNV PLSCR1:NM_001363874:exon7:c.C680A:p.T227N,PLSCR1:NM_001363872:exon8:c.C902A:p.T301N,PLSCR1:NM_021105:exon9:c.C923A:p.T308N

3 160156629 160156629 - T exonic TRIM59 . frameshift insertion TRIM59:NM_173084:exon3:c.342dupA:p.L115Ifs*19

3 169700647 169700647 - A exonic SEC62 . frameshift insertion SEC62:NM_003262:exon4:c.405dupA:p.E138Rfs*9

3 179320465 179320465 - T exonic MRPL47 . frameshift insertion MRPL47:NM_020409:exon2:c.218dupA:p.N73Kfs*23

3 188327369 188327369 G C exonic LPP . nonsynonymous SNV LPP:NM_001167671:exon6:c.G850C:p.E284Q,LPP:NM_005578:exon6:c.G850C:p.E284Q

3 196199614 196199614 - A exonic RNF168 . frameshift insertion RNF168:NM_152617:exon6:c.791_792insT:p.T265Nfs*47

3 196630421 196630421 - T exonic SENP5 . frameshift insertion SENP5:NM_001308045:exon6:c.1825dupT:p.H611Sfs*2,SENP5:NM_152699:exon6:c.1825dupT:p.H611Sfs*2

4 435649 435649 T G exonic ZNF721 . nonsynonymous SNV ZNF721:NM_133474:exon3:c.A2607C:p.E869D

4 437056 437056 A C exonic ZNF721 . nonsynonymous SNV ZNF721:NM_133474:exon3:c.T1200G:p.S400R

4 2940026 2940026 T C exonic NOP14 . nonsynonymous SNV NOP14:NM_001291979:exon17:c.A2335G:p.I779V

4 3318650 3318650 C T exonic RGS12 . synonymous SNV RGS12:NM_002926:exon2:c.C753T:p.S251S,RGS12:NM_198229:exon2:c.C753T:p.S251S

4 8288480 8288480 G A exonic HTRA3 . synonymous SNV HTRA3:NM_001297559:exon3:c.G678A:p.S226S,HTRA3:NM_053044:exon3:c.G678A:p.S226S

4 68383962 68383962 G T exonic CENPC . synonymous SNV CENPC:NM_001362481:exon7:c.C742A:p.R248R,CENPC:NM_001812:exon7:c.C742A:p.R248R

4 73968215 73968215 - T exonic ANKRD17 . frameshift insertion ANKRD17:NM_198889:exon24:c.3697dupA:p.R1233Kfs*20,ANKRD17:NM_001286771:exon25:c.4111dupA:p.R1371Kfs*20,ANKRD17:NM_015574:exon25:c.4447dupA:p.R1483Kfs*20,ANKRD17:NM_032217:exon25:c.4450dupA:p.R1484Kfs*20

4 156631708 156631708 G A exonic GUCY1A1 . nonsynonymous SNV GUCY1A1:NM_001130684:exon5:c.G391A:p.V131I,GUCY1A1:NM_001130682:exon6:c.G391A:p.V131I,GUCY1A1:NM_001130683:exon6:c.G391A:p.V131I,GUCY1A1:NM_001130687:exon6:c.G391A:p.V131I,GUCY1A1:NM_001256449:exon6:c.G391A:p.V131I,GUCY1A1:NM_000856:exon7:c.G391A:p.V131I

5 179994113 179994113 - T exonic CNOT6 . frameshift insertion CNOT6:NM_001370474:exon7:c.459dupT:p.L156Sfs*10,CNOT6:NM_001370472:exon8:c.744dupT:p.L251Sfs*10,CNOT6:NM_001370473:exon8:c.729dupT:p.L246Sfs*10

6 27925818 27925818 C T exonic OR2B6 . nonsynonymous SNV OR2B6:NM_012367:exon1:c.C800T:p.S267F

6 33284498 33284498 G A exonic ZBTB22 . nonsynonymous SNV ZBTB22:NM_001145338:exon2:c.C196T:p.R66W,ZBTB22:NM_005453:exon2:c.C196T:p.R66W

6 33287891 33287891 T C exonic DAXX . synonymous SNV DAXX:NM_001254717:exon4:c.A1137G:p.E379E,DAXX:NM_001141969:exon5:c.A1362G:p.E454E,DAXX:NM_001141970:exon5:c.A1398G:p.E466E,DAXX:NM_001350:exon5:c.A1362G:p.E454E

6 49403330 49403330 G A exonic MMUT . nonsynonymous SNV MMUT:NM_000255:exon12:c.C1963T:p.R655C

6 79680524 79680524 - T exonic PHIP . frameshift insertion PHIP:NM_017934:exon25:c.2970dupA:p.Q991Tfs*5

6 84862599 84862599 - T exonic CEP162 . frameshift insertion CEP162:NM_001286206:exon23:c.3065dupA:p.R1023Efs*46,CEP162:NM_014895:exon23:c.3293dupA:p.R1099Efs*46

6 108385419 108385419 - A exonic OSTM1 . stopgain OSTM1:NM_014028:exon2:c.486dupT:p.N163*

6 116967057 116967057 - T exonic ZUP1 . frameshift insertion ZUP1:NM_001361191:exon8:c.920dupA:p.N307Kfs*10,ZUP1:NM_001361189:exon9:c.1508dupA:p.N503Kfs*10,ZUP1:NM_001361190:exon9:c.1004dupA:p.N335Kfs*10,ZUP1:NM_145062:exon9:c.1508dupA:p.N503Kfs*10

7 2583400 2583400 C T exonic BRAT1 . synonymous SNV BRAT1:NM_001350627:exon4:c.G102A:p.A34A,BRAT1:NM_001350626:exon5:c.G627A:p.A209A,BRAT1:NM_152743:exon5:c.G627A:p.A209A

7 4841381 4841381 C T exonic RADIL . synonymous SNV RADIL:NM_018059:exon12:c.G2745A:p.G915G

7 7645613 7645613 - A exonic MIOS . frameshift insertion MIOS:NM_001370078:exon8:c.2131dupA:p.L713Ifs*5,MIOS:NM_001370077:exon10:c.2443dupA:p.L817Ifs*5,MIOS:NM_001370080:exon10:c.2443dupA:p.L817Ifs*5,MIOS:NM_001370076:exon11:c.2443dupA:p.L817Ifs*5,MIOS:NM_019005:exon12:c.2443dupA:p.L817Ifs*5

7 11075334 11075334 - A exonic PHF14 . frameshift insertion PHF14:NM_001007157:exon8:c.1524dupA:p.N510Kfs*10,PHF14:NM_014660:exon8:c.1524dupA:p.N510Kfs*10

7 39990548 39990548 A G exonic CDK13 . nonsynonymous SNV CDK13:NM_003718:exon1:c.A308G:p.Q103R,CDK13:NM_031267:exon1:c.A308G:p.Q103R

7 74193642 74193642 G A exonic NCF1 . nonsynonymous SNV NCF1:NM_000265:exon4:c.G269A:p.R90H

7 92764168 92764168 G A exonic SAMD9L . synonymous SNV SAMD9L:NM_001303500:exon4:c.C1117T:p.L373L,SAMD9L:NM_001350083:exon4:c.C1117T:p.L373L,SAMD9L:NM_001303496:exon5:c.C1117T:p.L373L,SAMD9L:NM_001303498:exon5:c.C1117T:p.L373L,SAMD9L:NM_001350085:exon5:c.C1117T:p.L373L,SAMD9L:NM_152703:exon5:c.C1117T:p.L373L,SAMD9L:NM_001303497:exon6:c.C1117T:p.L373L,SAMD9L:NM_001350082:exon6:c.C1117T:p.L373L,SAMD9L:NM_001350084:exon6:c.C1117T:p.L373L

7 99129067 99129067 C A exonic ZKSCAN5 . nonsynonymous SNV ZKSCAN5:NM_001318083:exon5:c.C1496A:p.T499N,ZKSCAN5:NM_001318084:exon5:c.C923A:p.T308N,ZKSCAN5:NM_001318082:exon7:c.C1715A:p.T572N,ZKSCAN5:NM_014569:exon7:c.C1715A:p.T572N,ZKSCAN5:NM_145102:exon7:c.C1715A:p.T572N

7 105254688 105254688 A T exonic ATXN7L1 . nonsynonymous SNV ATXN7L1:NM_138495:exon8:c.T1721A:p.L574Q,ATXN7L1:NM_001318229:exon10:c.T1445A:p.L482Q,ATXN7L1:NM_020725:exon10:c.T2093A:p.L698Q

7 130351748 130351748 G A exonic COPG2 . nonsynonymous SNV COPG2:NM_001290033:exon3:c.C112T:p.P38S

8 90993682 90993682 C T exonic NBN . nonsynonymous SNV NBN:NM_002485:exon3:c.G241A:p.E81K

8 141460909 141460909 - TGAG exonic TRAPPC9 . frameshift insertion TRAPPC9:NM_001160372:exon2:c.563_564insCTCA:p.G189Sfs*51,TRAPPC9:NM_001321646:exon2:c.563_564insCTCA:p.G189Sfs*51,TRAPPC9:NM_031466:exon2:c.857_858insCTCA:p.G287Sfs*51

8 145010117 145010117 C G exonic PLEC . nonsynonymous SNV PLEC:NM_201378:exon6:c.G459C:p.W153C,PLEC:NM_201379:exon6:c.G435C:p.W145C,PLEC:NM_201380:exon6:c.G912C:p.W304C,PLEC:NM_201381:exon6:c.G405C:p.W135C,PLEC:NM_201382:exon6:c.G501C:p.W167C,PLEC:NM_201383:exon6:c.G513C:p.W171C,PLEC:NM_201384:exon6:c.G501C:p.W167C,PLEC:NM_000445:exon7:c.G582C:p.W194C

8 145624592 145624592 - CCGCAG exonic CPSF1 . nonframeshift insertion CPSF1:NM_013291:exon15:c.1392_1393insCTGCGG:p.E464_V465insLR

9 405014 405014 - TT exonic DOCK8 . frameshift insertion DOCK8:NM_001190458:exon25:c.3031_3032insTT:p.M1014Lfs*2,DOCK8:NM_001193536:exon26:c.3127_3128insTT:p.M1046Lfs*2,DOCK8:NM_203447:exon27:c.3331_3332insTT:p.M1114Lfs*2

9 19378704 19378704 A T splicing RPS6 NM_001010:exon3:c.349+2T>A. .

9 131196787 131196787 A C exonic CERCAM . nonsynonymous SNV CERCAM:NM_001286760:exon11:c.A1196C:p.Y399S,CERCAM:NM_016174:exon11:c.A1430C:p.Y477S

10 5691034 5691034 A C exonic ASB13 . nonsynonymous SNV ASB13:NM_024701:exon4:c.T416G:p.V139G

10 60148569 60148569 - AA exonic TFAM . frameshift insertion TFAM:NM_001270782:exon4:c.431_432insAA:p.E148Kfs*4,TFAM:NM_003201:exon4:c.431_432insAA:p.E148Kfs*3

10 105883864 105883864 C G exonic SFR1 . synonymous SNV SFR1:NM_001002759:exon3:c.C528G:p.V176V,SFR1:NM_145247:exon3:c.C489G:p.V163V

10 126454015 126454015 - A exonic EEF1AKMT2 . frameshift insertion EEF1AKMT2:NM_001304467:exon5:c.327dupT:p.L110Sfs*6,EEF1AKMT2:NM_001304468:exon5:c.327dupT:p.L110Sfs*6,EEF1AKMT2:NM_212554:exon5:c.561dupT:p.L188Sfs*6

10 134038000 134038000 C T exonic STK32C . nonsynonymous SNV STK32C:NM_001318878:exon8:c.G943A:p.A315T,STK32C:NM_001318879:exon8:c.G553A:p.A185T,STK32C:NM_173575:exon8:c.G904A:p.A302T

11 8016065 8016065 G T splicing EIF3F NM_003754:exon5:c.745+1G>T. .

11 18105213 18105213 - T exonic SAAL1 . frameshift insertion SAAL1:NM_138421:exon10:c.1107dupA:p.P370Tfs*8

11 34101202 34101202 G A exonic CAPRIN1 . nonsynonymous SNV CAPRIN1:NM_005898:exon7:c.G716A:p.R239H,CAPRIN1:NM_203364:exon7:c.G716A:p.R239H

11 57327825 57327825 G A exonic UBE2L6 . synonymous SNV UBE2L6:NM_004223:exon2:c.C108T:p.H36H

11 62327540 62327540 C G splicing EEF1G NM_001404:exon9:c.1155+1G>C. .

11 65733992 65733992 C T exonic SART1 . nonsynonymous SNV SART1:NM_005146:exon9:c.C1153T:p.R385W

11 66393989 66393989 G A exonic RBM14 . synonymous SNV RBM14:NM_006328:exon3:c.G1860A:p.S620S

11 67021747 67021747 G A exonic KDM2A . synonymous SNV KDM2A:NM_001256405:exon9:c.G1848A:p.T616T,KDM2A:NM_012308:exon20:c.G3165A:p.T1055T

11 67068486 67068486 G A exonic ANKRD13D . nonsynonymous SNV ANKRD13D:NM_207354:exon11:c.G1099A:p.E367K,ANKRD13D:NM_001347901:exon12:c.G838A:p.E280K

11 75113393 75113393 A G exonic RPS3 . nonsynonymous SNV RPS3:NM_001260506:exon4:c.A301G:p.K101E

11 104905165 104905165 C T exonic CASP1 . nonsynonymous SNV CASP1:NM_001223:exon2:c.G44A:p.R15H,CASP1:NM_001257118:exon2:c.G44A:p.R15H,CASP1:NM_001257119:exon2:c.G44A:p.R15H,CASP1:NM_033292:exon2:c.G44A:p.R15H,CASP1:NM_033293:exon2:c.G44A:p.R15H,CASP1:NM_033294:exon2:c.G44A:p.R15H,CASP1:NM_033295:exon2:c.G44A:p.R15H



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 6645958 6645958 T C splicing GAPDH NM_001289746:exon3:c.236+2T>C;NM_001289745:exon4:c.236+2T>C;NM_002046:exon4:c.236+2T>C;NM_001357943:exon4:c.182+2T>C;NM_001256799:exon3:c.110+2T>C. .

12 6711174 6711174 G T exonic CHD4 . synonymous SNV CHD4:NM_001297553:exon3:c.C369A:p.S123S,CHD4:NM_001273:exon4:c.C390A:p.S130S,CHD4:NM_001363606:exon4:c.C390A:p.S130S

12 6883957 6883957 T C exonic LAG3 . synonymous SNV LAG3:NM_002286:exon4:c.T708C:p.S236S

12 6973884 6973884 A C splicing USP5 NM_003481:exon18:c.2176-2A>C;NM_001098536:exon18:c.2245-2A>C. .

12 7171657 7171657 C T exonic C1S . nonsynonymous SNV C1S:NM_001734:exon5:c.C478T:p.P160S,C1S:NM_201442:exon5:c.C478T:p.P160S

12 12788823 12788823 - A exonic CREBL2 . frameshift insertion CREBL2:NM_001310:exon2:c.129dupA:p.L46Afs*42

12 31242081 31242081 G A exonic DDX11 . nonsynonymous SNV DDX11:NM_001257144:exon7:c.G788A:p.R263Q,DDX11:NM_001257145:exon7:c.G710A:p.R237Q,DDX11:NM_004399:exon7:c.G788A:p.R263Q,DDX11:NM_030653:exon7:c.G788A:p.R263Q,DDX11:NM_152438:exon7:c.G788A:p.R263Q

12 31255383 31255383 A C exonic DDX11 . nonsynonymous SNV DDX11:NM_004399:exon22:c.A2144C:p.Q715P,DDX11:NM_001257144:exon23:c.A2294C:p.Q765P,DDX11:NM_001257145:exon23:c.A2216C:p.Q739P,DDX11:NM_030653:exon23:c.A2294C:p.Q765P,DDX11:NM_152438:exon23:c.A2294C:p.Q765P

12 120151400 120151400 - ACCT exonic CIT . frameshift insertion CIT:NM_007174:exon33:c.4233_4234insAGGT:p.G1412Rfs*6,CIT:NM_001206999:exon34:c.4359_4360insAGGT:p.G1454Rfs*6

12 132445399 132445399 G A exonic EP400 . nonsynonymous SNV EP400:NM_015409:exon2:c.G235A:p.V79M

13 25670907 25670907 C A exonic PABPC3 . nonsynonymous SNV PABPC3:NM_030979:exon1:c.C571A:p.P191T

13 25671092 25671092 T C exonic PABPC3 . synonymous SNV PABPC3:NM_030979:exon1:c.T756C:p.N252N

13 25671122 25671122 C T exonic PABPC3 . synonymous SNV PABPC3:NM_030979:exon1:c.C786T:p.Y262Y

13 25671172 25671172 C A exonic PABPC3 . nonsynonymous SNV PABPC3:NM_030979:exon1:c.C836A:p.T279K

13 25671188 25671188 G A exonic PABPC3 . synonymous SNV PABPC3:NM_030979:exon1:c.G852A:p.K284K

13 25671320 25671320 A G exonic PABPC3 . synonymous SNV PABPC3:NM_030979:exon1:c.A984G:p.E328E

13 25671465 25671465 T C exonic PABPC3 . nonsynonymous SNV PABPC3:NM_030979:exon1:c.T1129C:p.Y377H

13 25671477 25671477 G C exonic PABPC3 . nonsynonymous SNV PABPC3:NM_030979:exon1:c.G1141C:p.E381Q

13 25672058 25672058 G T exonic PABPC3 . synonymous SNV PABPC3:NM_030979:exon1:c.G1722T:p.G574G

13 25672211 25672211 T C exonic PABPC3 . synonymous SNV PABPC3:NM_030979:exon1:c.T1875C:p.A625A

13 27690693 27690693 T C exonic USP12 . nonsynonymous SNV USP12:NM_182488:exon2:c.A89G:p.E30G

13 46090370 46090370 A G exonic COG3 . synonymous SNV COG3:NM_031431:exon17:c.A1902G:p.E634E

13 46090371 46090371 A G exonic COG3 . nonsynonymous SNV COG3:NM_031431:exon17:c.A1903G:p.I635V

13 53217140 53217140 G T exonic HNRNPA1L2 . nonsynonymous SNV HNRNPA1L2:NM_001011725:exon6:c.G513T:p.K171N,HNRNPA1L2:NM_001011724:exon7:c.G513T:p.K171N

13 53217171 53217171 C T exonic HNRNPA1L2 . nonsynonymous SNV HNRNPA1L2:NM_001011725:exon6:c.C544T:p.P182S,HNRNPA1L2:NM_001011724:exon7:c.C544T:p.P182S

13 53217419 53217419 C G exonic HNRNPA1L2 . synonymous SNV HNRNPA1L2:NM_001011725:exon6:c.C792G:p.G264G,HNRNPA1L2:NM_001011724:exon7:c.C792G:p.G264G

13 53217526 53217526 A G exonic HNRNPA1L2 . nonsynonymous SNV HNRNPA1L2:NM_001011725:exon6:c.A899G:p.Q300R,HNRNPA1L2:NM_001011724:exon7:c.A899G:p.Q300R

13 53217547 53217547 T G exonic HNRNPA1L2 . nonsynonymous SNV HNRNPA1L2:NM_001011725:exon6:c.T920G:p.V307G,HNRNPA1L2:NM_001011724:exon7:c.T920G:p.V307G

14 24614675 24614675 C T splicing PSME2 NM_002818:exon4:c.145-1G>A. .

14 39648566 39648566 A C exonic PNN . nonsynonymous SNV PNN:NM_002687:exon8:c.A693C:p.K231N

14 81670282 81670282 G T exonic GTF2A1 . nonsynonymous SNV GTF2A1:NM_015859:exon3:c.C299A:p.A100E,GTF2A1:NM_201595:exon3:c.C182A:p.A61E,GTF2A1:NM_001278940:exon4:c.C149A:p.A50E

14 96779721 96779721 G T exonic ATG2B . nonsynonymous SNV ATG2B:NM_018036:exon24:c.C3694A:p.P1232T

14 102467991 102467991 G A exonic DYNC1H1 . synonymous SNV DYNC1H1:NM_001376:exon21:c.G4515A:p.S1505S

14 102550129 102550129 C G splicing HSP90AA1 NM_005348:exon7:c.1338+1G>C;NM_001017963:exon8:c.1704+1G>C. .

15 28447283 28447283 G A exonic HERC2 . synonymous SNV HERC2:NM_004667:exon47:c.C7593T:p.D2531D

15 34675050 34675050 C T exonic GOLGA8A . nonsynonymous SNV GOLGA8A:NM_181077:exon11:c.G1055A:p.R352Q,GOLGA8A:NM_001368072:exon19:c.G1055A:p.R352Q,GOLGA8A:NM_001368071:exon20:c.G1055A:p.R352Q

15 34821271 34821271 C T exonic GOLGA8B . nonsynonymous SNV GOLGA8B:NM_001023567:exon11:c.G1055A:p.R352Q

15 52620057 52620057 - T exonic MYO5A . frameshift insertion MYO5A:NM_001142495:exon34:c.4545dupA:p.V1516Sfs*7,MYO5A:NM_000259:exon35:c.4626dupA:p.V1543Sfs*7

15 64689965 64689965 G A exonic TRIP4 . nonsynonymous SNV TRIP4:NM_016213:exon4:c.G566A:p.R189H

15 72640077 72640077 A G exonic HEXA . nonsynonymous SNV HEXA:NM_000520:exon10:c.T1096C:p.Y366H,HEXA:NM_001318825:exon10:c.T1129C:p.Y377H

15 75652043 75652043 C G exonic MAN2C1 . nonsynonymous SNV MAN2C1:NM_001256496:exon14:c.G1569C:p.E523D,MAN2C1:NM_001256494:exon16:c.G1866C:p.E622D,MAN2C1:NM_001256495:exon16:c.G1866C:p.E622D,MAN2C1:NM_006715:exon16:c.G1866C:p.E622D

15 85341891 85341891 C T exonic ZNF592 . nonsynonymous SNV ZNF592:NM_014630:exon8:c.C2809T:p.R937C

15 101561294 101561294 C T exonic LRRK1 . nonsynonymous SNV LRRK1:NM_024652:exon13:c.C1646T:p.S549F

16 705658 705658 C T exonic WDR90 . nonsynonymous SNV WDR90:NM_145294:exon16:c.C1804T:p.R602W

16 1555455 1555455 C T exonic TELO2 . synonymous SNV TELO2:NM_001351846:exon16:c.C1887T:p.L629L,TELO2:NM_016111:exon16:c.C1887T:p.L629L

16 3807936 3807936 G T exonic CREBBP . nonsynonymous SNV CREBBP:NM_001079846:exon17:c.C3369A:p.F1123L,CREBBP:NM_004380:exon18:c.C3483A:p.F1161L

16 4924667 4924667 - A exonic UBN1 . frameshift insertion UBN1:NM_001079514:exon15:c.2257dupA:p.P755Tfs*17,UBN1:NM_001288656:exon15:c.2257dupA:p.P755Tfs*17

16 16235066 16235066 C T exonic ABCC1 . synonymous SNV ABCC1:NM_004996:exon31:c.C4524T:p.Y1508Y

16 18902199 18902199 G A exonic SMG1 . synonymous SNV SMG1:NM_015092:exon5:c.C594T:p.D198D

16 29401304 29401304 C T exonic NPIPB11 . nonsynonymous SNV NPIPB11:NM_001310137:exon5:c.G503A:p.R168H

16 58550559 58550559 C T exonic SETD6 . synonymous SNV SETD6:NM_001160305:exon4:c.C654T:p.A218A,SETD6:NM_024860:exon5:c.C582T:p.A194A

16 67964838 67964838 G A exonic CTRL . nonsynonymous SNV CTRL:NM_001907:exon3:c.C221T:p.A74V

16 86612832 86612832 C T exonic FOXL1 . nonsynonymous SNV FOXL1:NM_005250:exon1:c.C503T:p.A168V

16 89762056 89762056 G A exonic CDK10 . nonsynonymous SNV CDK10:NM_001098533:exon13:c.G808A:p.A270T,CDK10:NM_001160367:exon13:c.G826A:p.A276T,CDK10:NM_052988:exon13:c.G1039A:p.A347T

17 4635097 4635097 - A exonic MED11 . frameshift insertion MED11:NM_001001683:exon2:c.113dupA:p.T40Nfs*2,MED11:NM_001305000:exon2:c.113dupA:p.T40Nfs*2

17 10101630 10101630 G A exonic GAS7 . synonymous SNV GAS7:NM_201433:exon1:c.C78T:p.G26G

17 38975287 38975287 T C exonic KRT10 . synonymous SNV KRT10:NM_000421:exon7:c.A1500G:p.G500G

17 43552478 43552478 C T exonic PLEKHM1 . nonsynonymous SNV PLEKHM1:NM_001352825:exon4:c.G911A:p.R304Q,PLEKHM1:NM_014798:exon4:c.G911A:p.R304Q

17 46154354 46154354 - T exonic CBX1 . frameshift insertion CBX1:NM_001127228:exon2:c.12dupA:p.Q5Tfs*44,CBX1:NM_006807:exon2:c.12dupA:p.Q5Tfs*44

17 57656854 57656854 C T exonic DHX40 . synonymous SNV DHX40:NM_001166301:exon8:c.C864T:p.F288F,DHX40:NM_024612:exon9:c.C1095T:p.F365F

17 65688935 65688935 - A exonic PITPNC1 . frameshift insertion PITPNC1:NM_012417:exon9:c.931dupA:p.A313Sfs*13

17 65850790 65850790 - A exonic BPTF . frameshift insertion BPTF:NM_004459:exon2:c.1349dupA:p.N452Kfs*2,BPTF:NM_182641:exon2:c.1349dupA:p.N452Kfs*2

17 74013889 74013889 G A exonic EVPL . synonymous SNV EVPL:NM_001320747:exon14:c.C1707T:p.A569A,EVPL:NM_001988:exon14:c.C1641T:p.A547A

18 32833578 32833578 A G exonic ZSCAN30 . nonsynonymous SNV ZSCAN30:NM_001288711:exon2:c.T760C:p.Y254H,ZSCAN30:NM_001112734:exon4:c.T1321C:p.Y441H,ZSCAN30:NM_001166012:exon5:c.T1321C:p.Y441H

18 60639893 60639893 - A exonic PHLPP1 . frameshift insertion PHLPP1:NM_194449:exon15:c.3708dupA:p.N1238Kfs*36

18 71959097 71959097 G C exonic CYB5A . nonsynonymous SNV CYB5A:NM_001190807:exon1:c.C14G:p.S5W,CYB5A:NM_001914:exon1:c.C14G:p.S5W,CYB5A:NM_148923:exon1:c.C14G:p.S5W

19 1863401 1863401 G C exonic KLF16 . synonymous SNV KLF16:NM_031918:exon1:c.C96G:p.P32P

19 17476219 17476219 G A exonic PLVAP . nonsynonymous SNV PLVAP:NM_031310:exon3:c.C1055T:p.A352V

19 24010155 24010155 T A exonic RPSAP58 . synonymous SNV RPSAP58:NM_001355283:exon4:c.T192A:p.A64A,RPSAP58:NM_001355287:exon5:c.T192A:p.A64A

19 36212267 36212267 C T exonic KMT2B . nonsynonymous SNV KMT2B:NM_014727:exon3:c.C2018T:p.A673V

19 44116806 44116806 C T exonic SRRM5 . nonsynonymous SNV SRRM5:NM_001145641:exon1:c.C533T:p.T178I

19 53056992 53056992 G A exonic ZNF808 . nonsynonymous SNV ZNF808:NM_001363550:exon3:c.G616A:p.A206T,ZNF808:NM_001321425:exon4:c.G823A:p.A275T,ZNF808:NM_001039886:exon5:c.G823A:p.A275T,ZNF808:NM_001321424:exon5:c.G823A:p.A275T

19 53270118 53270118 A G exonic ZNF600 . synonymous SNV ZNF600:NM_198457:exon3:c.T891C:p.T297T,ZNF600:NM_001321867:exon4:c.T1098C:p.T366T,ZNF600:NM_001321866:exon6:c.T1098C:p.T366T

19 57876525 57876525 A G exonic TRAPPC2B . synonymous SNV TRAPPC2B:NM_001355204:exon2:c.A324G:p.K108K

19 58265941 58265941 T C exonic ZNF776 . synonymous SNV ZNF776:NM_173632:exon3:c.T1443C:p.I481I

20 3802796 3802796 G A exonic AP5S1 . nonsynonymous SNV AP5S1:NM_001204446:exon2:c.G32A:p.R11K,AP5S1:NM_001204447:exon2:c.G32A:p.R11K,AP5S1:NM_018347:exon2:c.G32A:p.R11K

20 36640732 36640732 - A exonic TTI1 . frameshift insertion TTI1:NM_001303457:exon2:c.1486_1487insT:p.G496Vfs*32,TTI1:NM_014657:exon3:c.1486_1487insT:p.G496Vfs*32

20 36640733 36640733 C A exonic TTI1 . nonsynonymous SNV TTI1:NM_001303457:exon2:c.G1486T:p.G496C,TTI1:NM_014657:exon3:c.G1486T:p.G496C

20 48479486 48479486 - A exonic SLC9A8 . frameshift insertion SLC9A8:NM_001260491:exon9:c.783dupA:p.N263Kfs*16,SLC9A8:NM_015266:exon9:c.735dupA:p.N247Kfs*16

20 61512476 61512476 T A exonic DIDO1 . nonsynonymous SNV DIDO1:NM_001193369:exon16:c.A4832T:p.E1611V,DIDO1:NM_033081:exon16:c.A4832T:p.E1611V

22 24316559 24316559 C G exonic DDT . synonymous SNV DDT:NM_001084392:exon1:c.G45C:p.V15V,DDT:NM_001355:exon2:c.G45C:p.V15V

22 35661554 35661554 - A exonic HMGXB4 . frameshift insertion HMGXB4:NM_001362972:exon4:c.847dupA:p.E285Rfs*26,HMGXB4:NM_001003681:exon5:c.1174dupA:p.E394Rfs*26

22 41240842 41240842 C T splicing ST13 NM_001278589:exon4:c.285+1G>A;NM_003932:exon4:c.315+1G>A. .

22 50894993 50894993 G T exonic SBF1 . synonymous SNV SBF1:NM_001365819:exon29:c.C3939A:p.G1313G,SBF1:NM_002972:exon30:c.C4014A:p.G1338G

X 53631713 53631713 C T exonic HUWE1 . nonsynonymous SNV HUWE1:NM_031407:exon26:c.G2579A:p.R860H

X 147024747 147024747 G A exonic FMR1 . nonsynonymous SNV FMR1:NM_001185076:exon13:c.G1309A:p.E437K,FMR1:NM_001185082:exon13:c.G1309A:p.E437K,FMR1:NM_002024:exon14:c.G1372A:p.E458K

X 153221757 153221757 C A exonic HCFC1 . nonsynonymous SNV HCFC1:NM_005334:exon16:c.G2741T:p.G914V

X 153581382 153581382 A G exonic FLNA . synonymous SNV FLNA:NM_001456:exon37:c.T6189C:p.D2063D,FLNA:NM_001110556:exon38:c.T6213C:p.D2071D



Method S1 

 

Mutation analysis from RNA-seq 

First, using RNA-seq data from PDX cells, a mutation calling was made by an analysis pipeline called 

CalliNGS-NF (https://github.com/CRG-CNAG/CalliNGS-NF). The VCF file resulting from the 

mutation calling was annotated using annovar. Then, we selected variants that were registered in the 

COSMIC database and had a MAF (minor allele frequency) of 1% (0.01) or less in the SNP database 

(1000g, gnomAD, ESP6500, ExAC, tommo35K). 

 

 


