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Abstract

The first-line drug Imatinib (IM) has achieved a curative effect in most chronic myeloid leukemia (CML) patients, but drug
resistance remains a problem. More alternative therapeutic strategies need to explore. In recent years, targeting dysregulated
DNA repair mechanisms provided promising options for cancer treatment. Here, we discovered the versatile Mediator of
DNA Damage Checkpoint 1 (MDC1) interacted with y-H2AX and 53BP1 in the early stage of the DNA damage response
of cells. MDC1 overexpressed in CML cell lines and patients’ bone marrow mononuclear cells. By knocking down MDCl,
non-homologous end-joining pathways were mainly inhibited, leading to an intense accumulation of unrepaired intracel-
lular DNA damage and an apparent cell apoptosis promotion. Notably, targeting MDC1 further enhanced drug sensitivity in
IM-resistant CML cells. Our work revealed that MDCl1 is a prospective target for CML treatment through regulating DNA
damage repair mechanism, and also an alternative option for IM resistance dilemma. This study extends the understanding
of regulating dysfunctional DNA repair mechanisms for cancer treatment.
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Introduction IM resistance or optimize CML treatment are needed to

explore.

Chronic myeloid leukemia (CML) is caused by t(9;22)
(q34;q11) chromosomal translocation, forming the BCR-
ABL fusion gene which produces BCR-ABL fusion protein
with extremely constitutive tyrosine kinase activity and leads
to abnormally activated downstream pathways [1-3]. Tyros-
ine kinase inhibitors (TKIs), particularly the first-generation
TKI Imatinib (IM), show excellent effects. However, 25%
of patients develop drug resistance and disease recurrence
gradually [4, 5]. Alternative mechanisms to cope with the

Yang Liang and Yuefeng Qin have contributed equally to this work.

P4 Ying Yuan
yuanying @hospital.cqmu.edu.cn

Department of Clinical Hematology, Key Laboratory

of Laboratory Medical Diagnostics Designated By Ministry
of Education, School of Laboratory Medicine, Chongqing
Medical University, Chongqing, China

Department of Respiratory and Critical Care Medicine, The
First Affiliated Hospital of Chongqing Medical University,
Chongqing, China

Genomic instability is one of the most common features
in cancer, especially in hematological malignancy [6]. The
dysregulation of DNA damage response (DDR) and repair
mechanisms brings on chromosomal instability, and vice
versa [7, 8]. Studies have found that BCR-ABL fusion pro-
tein promotes excessive DNA double-strand breaks (DSBs),
which is the most notorious damage to cells [9]. Mammalian
cells mainly prefer the non-homologous end-joining (NHEJ)
to repair DSBs. Since it requires nucleotides processing
at the junction, it is a relatively unfaithful repair pathway
compared with homologous recombination (HR) [10]. DNA
ends modification is prone to produce mutations associated
with tumorigenesis, disease progression, and even drug-
resistant phenotypes [11-13]. Hence, deciphering the pro-
teins involved and targeting the dysfunctional DNA repair
mechanisms provide new insights for CML treatment apart
from TKIs.

Mediator of DNA Damage Checkpoint 1 (MDC1) com-
prises 2089 amino acid residues and contains a forkhead-
associated (FHA) domain and two BRCA1 carboxy-ter-
minal (BRCT) domains [14]. Those specific structures are
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shared by many key DDR-associated proteins. MDC1 is a
key regulatory protein in DDR, which can activate S and
G2/M phases cell cycle checkpoints to avoid the damaged
cell entering the mitotic phase [15] and it can recruit down-
stream signaling proteins [16—18]. Normally, MDC1 is con-
sidered to play a protective role in cells. Whereas research
showed that MDC1 was overexpressed in oral squamous cell
carcinoma, and significantly correlated with lymph node
metastasis. Low-level of MDC1 benefited when treated
with surgery followed by radiation therapy [19, 20]. MDC1
was upregulation in ovarian cancer [21], and cervical cancer
[22]. It indicates that the abnormally overexpressed MDC1
is highly correlated with cancers and could be a potential
treatment target.

In this research, we explored MDC1’s role in DNA dam-
age repair, and we tried to test whether it can be a target in
CML treatment, especially in TKI-resistant CML cells. Our
work demonstrated that MDCI is a prospective target for
future CML treatment.

Materials and methods
Cells and specimens

K562, K562/G01, KCL22, KU812, TK6, and THP1 (ATCC)
cells were cultured in RPMI-1640. (Gibco, USA) K562/G01
is a high-degree IM-resistant cell line [23]. DMEM medium
(Gibco, USA) was used to maintain 293T cells (SIBCB,
China). SupB15 cells were grown in an IMDM medium
(Cellmax, China). All cells were supplemented with 10%
fetal bovine serum (FBS) at 37 °C in 5% (v/v) CO, incu-
bator. The bone marrow mononuclear cells (BMMCs) of
normal individuals and CML patients were from the First
and Second Affiliated Hospital of Chongqing Medical Uni-
versity. (The information of individuals was shown in Sup-
plementary Table S1.) BMMCs were isolated by a human
BMMCs isolation kit (Tbdscience, China).

Lentivirus infection

Genechem provided the small hairpin RNAs (shRNAs)
(Shanghai, China). The sequence of shRNA oligonucleo-
tide for the positive experiment group (shMDC1#1): 5-GAG
GCAGACUGUGGAUAAATT-3"; (shMDC1#2): GAGGCA
GACUGUGGAUAAA; The negative control group (shCon-
trol) sequence: 5'-TTCTCCGAACGTGTCACGT-3'. The
cells were infected with lentivirus-mediated shRNA target-
ing MDC1 for 72 h with 4 pL HitransGP (Genechem, China)
and selected with 2 pg/mL puromycin (Sigma, USA) until
all blank group cells died.
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Apoptosis and cell cycle analysis

Use cold phosphate-buffered saline (PBS) wash the cells
and suspend 2x 10° in 100 pL of 1x binding buffer.
Then, use Annexin PE/7-AAD Apoptosis Detection Kit
(Vazyme, China) according to the manufacturer’s instruc-
tions. For cell cycle assay, 1 x 10° cells were washed and
resuspended in cold PBS and immobilized in 70% ethanol
overnight at 4 °C. Apoptosis and cell cycle were detected
by Coulter FC500 flow cytometry (Beckman, USA).

Chemicals and antibodies

Calicheamicin-y1 (Cali) was dissolved at 4 mM in etha-
nol and stored at — 80 °C. (MCE, China) IM (TargetMol,
China) and KU55933—ATM kinase inhibitor (TargetMol,
China). was kept at — 20 °C. Antibodies: anti-MDC1 (Bey-
otime; China), anti-MDC1 (Sigma, USA); anti-y-H2AX,
anti-p-c-ABL, and anti-PARP1, anti-Caspase3 (CST,
MA); anti-53BP1, anti-RPA2 (Abcam, UK), anti-BRCA1,
anti-ATM (Proteintech; China), and anti-p-Actin (zsbio,
China). All antibodies are stored at — 20 °C.

Western blot

Whole cell protein extracts were separated by 8-12%
SDS-PAGE, then transferred by polyvinylidene fluoride
(PVDF) membranes (Millipore, MA). Super ECL plus
Western blotting substrate was used for detection (Bao-
guang, China).

Colony-forming assay

100 cells/well were plated in 96-well plates with 100 pL
complement RPMI-1640 to assess the proliferation ability.
The results were checked after 7-10 days.

Immunofluorescence assay

Cells were fixed on slides with 4% paraformaldehyde
solution. 1% Triton X-100 was used to permeabilize cells
for 20 min. Goat serum was used to block (2 h, 4 °C).
Then incubated with primary antibodies overnight. After
incubation with a secondary antibody (Introvigen, MA)
in darkness (1 h, 37 °C), the nucleus was stained with
4',6 -diamidino-2-phenylindole (DAPI). The photos were
acquired by a fluorescence microscope (Nikon, Japan).
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Comet assay

100 pL preheated 1% agar was placed on the glass slide.
Then 90 pL 0.5% low melting point agar was mixed with
10 pL cell suspension (1 x 10* cells). The mixture was
added to the first layer of gel until solidification. The
cells were lysed at 4 °C for 1 h, then DNA unwinding for
20 min and electrophoresis for 20 min. Stained with the
SYBR GREEN solution and photo under a fluorescence
microscope.

DSBs repair reporter assay

pDRGFP (Addgene, USA) was used for detecting HR,
and pimEJ5GFP (Addgene, USA) was used for detecting
NHE]. After 48 h transfected pCBASce-I plasmid (Addgene,
USA), GFP signal was detected 48 h post-transfection by
flow cytometry. All plasmids were transfected by lipo8000
Reagent (Beyotime, China).

Co-immunoprecipitation

Cells were lysed with IP buffer (Beyotime, China) supple-
mented with 1% protease inhibitors for 30 min on ice. The
supernatant after centrifuging is the whole-cell protein and
incubated with MDC1 antibody-protein A/G magnetic beads
(MCE, China) for 8 h at 4 °C. Antigen—antibody-magnetic
bead complexes were washed three times by PBST. 30 pL
2XSDS-PAGE loading buffer was added to the complex and
boil.

Statistical analysis

GraphPad Prism 8.0 software was performed for data analy-
sis. The Student’s ¢-test was applied for calculating the main
effect in two groups and One-Way ANOVA was used for
that in three and more. p <0.05 was considered statistically
significant.

Results

MDC1 interacts with y-H2AX and 53BP1 at the early
stage of DDR

We used 44 nM DSBs inducer, Cali, to treat K562 and K562/
GO1 cells for one hour and performed Western blotting.
Results showed that both MDC1 and y-H2AX increased
significantly after Cali treatment (Fig. 1A), which is consist-
ent with the previous studies in that MDC1 participated in
DDR [15]. Then Co-IP experiment was performed to verify
the proteins that interact with MDC1 analyzed by STRING
functional protein association networks (Supplementary Fig.

S1B). Results confirmed the interaction between MDC1
with y-H2AX and 53BP1 (Fig. 1B). Moreover, RPA2 was
found to interact with MDC1 in our results which maintains
telomere stability and plays a key role in the HR pathway.

MDCI is hyperactivated in an ATM kinases-dependent
manner after DNA damage and rapidly relocalizes to dam-
age foci [16]. So we treated the cells with KU55933 (an
ATM kinase inhibitor) and found the inhibition of ATM
leading to the subsequently reduced expression of MDC1
to some extent (Fig. 1C).

Those results demonstrated that MDC1 interacts with
early stage DDR key proteins y-H2AX and 53BP1 in an
ATM kinases-dependent manner. Given the important role
of MDCI at the initial stage of DDR, interference with the
expression of MDC1 may therefore affect the subsequent
DNA repair mechanisms.

Knockdown of MDC1 compromises both HR
and NHEJ repair pathways

To evaluate the compromised repair pathway after the
knockdown of MDC1, we used DR-GFP and EJ5-GFP plas-
mid to establish the cell-based double vector system. Each
plasmid has I-Scel sites that can generate I-Scel endonucle-
ase-induced DSBs. If HR activity is functional, the DR-GFP
transfected cells express GFP. So does the NHEJ pathway.
The activity of HR or NHEJ repair events can be detected
by GFP+ cell proportion [24, 25] (Fig. 1F). We detected that
MDC1 shows a high expression in 293T cells (Fig. 1D), then
we knockdown MDC1 by siRNA (Fig. 1E) and carry out the
plasmid-repair experiment. The repair rate of the HR mecha-
nism was reduced from 1.41 to 1.10%, and that of the NHEJ
pathway was reduced from 13.11 to 9.81%. The efficiency
of repair via HR and NHEJ decreased by 22.0% and 25.17%,
respectively (Fig. 1G, H).

These results showed that the knockdown of MDC1 com-
promised the intracellular DNA repair activity. Particularly,
the NHEIJ repair was more disrupted based on the fact that it
plays a major role in mammalian cells’ DNA repair.

Knockdown of MDC1 impacts cell proliferation
and apoptosis

The data from Cancer Cell Line Encyclopedia (CCLE) indi-
cate MDC1 over-expression in CML cells (Supplementary
Fig. S1A). Our results confirmed that the expression of
MDCI1 in the BMMCs of CML patients was significantly
higher than that in the control group at the mRNA level
(Fig. 2A). There was also abnormal over-expression detected
in CML cell lines (Fig. 2B, C). We used the lentivirus-medi-
ated shRNAs to knock down the MDC1 in CML cells. The
RT-qPCR results indicated that the efficiency of knockdown
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was significant and satisfying (Fig. 2D). Meanwhile, the
knockdown efficiency is good at protein levels (Fig. 2E).
To test the effect of cell proliferation ability after MDC1
knockdown, we performed clone-formation assays. Cell
proliferation was substantially suppressed by shMDC1
(Fig. 3A, B). Then flow cytometry (FCM) showed that
cell apoptosis notably increased, especially in IM-resist-
ant K562/GO01 cells (Fig. 3C, D). The WB results were
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consistent with the FCM detection of apoptosis. The apop-
tosis-related protein PARP displayed an obvious cleavage
band (Fig. 3E). Furthermore, we found that the expres-
sion of oncoprotein p-BCR-ABL was decreased after the
knockdown of MDC1 (Fig. 3F).

These data suggested that disrupting MDC1 led to an
anticancer manifestation, promoting apoptosis and inhibit-
ing the proliferation of CML cells.
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tein level of MDCI1 in BCR-ABL-positive cell lines (K562, K562/

MDC1 knockdown CML cells accumulate more DSBs

Based on our findings, we speculated that MDC1-depleted
cells are prone to accumulate more unrepaired DNA
damage and correspondingly show more cell death. To
investigate the underlying anticancer effect of knock-
down MDC1, we used the immunofluorescence assay to
verify the accumulation of y-H2AX in MDC1 knockdown
CML cells (Fig. 4A, B). We performed the comet assay
to detect intracellular DNA damage. Results showed that
after knockdown of MDC1, the comet tail distance signifi-
cantly increased (Fig. 4C, D), as cells fail to deal with the
excessive DNA damage, resulting in a high accumulation
of DSBs. This result was consistent with the immunofluo-
rescence assay. We further detected the repair capability
in MDC1 knockdown cells after DNA damage. The MDC1
knockdown cells possessed an increased accumulation of
y-H2AX after ionizing radiation (IR) and failed to repair
the damage even after 24 h (Fig. 4E), which explains the
inhibition of proliferation and apoptosis enhancement in
CML cells.

shControl sShMDC1#1 shMDC1#2

ACTB | s s s S, qum—" _—

GO1, etc.) was analyzed by Western blot. D Knockdown efficiency of
shRNA was validated by RT-qPCR analysis. E Western blot analysis.
*p<0.05, *¥p<0.01, ***p<0.00land ****p<0.0001 versus con-
trols

Silencing MDC1 promotes the sensitivity to IM
and impedes the ability to deal with genotoxic
damage in IM-resistant CML cells

A significant difference was found in the drug sensitivity
test of K562/GO01 cells that the half-maximal inhibitory con-
centration (IC50) value of the negative control group was
about 4.7 uM, while the IC50 value of the shMDC1 group
was 2.0 uM (Fig. 5A, B). There’s no significant change in
IM-sensitive K562 cells (Supplementary Fig. S1D, E). The
follow-up experiments primarily focus on K562/G01 cells,
as targeting MDC displayed a more significantly anticancer
effect in it. Then, the WB results showed apoptosis-related
protein PARP and Caspase3 appeared obvious cleavage band
after ssMDC1 and combined with a low concentration of IM
(2 pM) treatment (Fig. 5D). We also used the CCK-8 assay
to test the ability of proliferation after treating the cells with
very low concentrations of IM (1 pM). Results showed the
proliferation ability of shtMDC1 group cells was inhibited
at 96 h (Fig. 5C). Therefore, silencing MDC1 improved the
sensitivity of IM in K562/GO01 cells.
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Moreover, 4 Gy IR was used to induce DSBs in cells,
and FCM was performed to detect the portion of cell
apoptosis. Compared to control cells, the apoptosis rate
in MDC1 knockdown combined with IR was further
increased (Fig. SE, F). The colony-forming assay showed
similar results (Fig. 3A). The proliferation of CML cells was
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significantly suppressed after IR exposure. It is even more
profound in K562/GO01 cells, in which over 95% of cells died
after IR treatment.

The results indicated that MDC1 knockdown can increase
IM sensitivity and greatly reduce the ability to deal with
genotoxic damage in K562/G01 cells.
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The combination of MDC1 knockdown with IR leads
to cell cycle arrest and chromosomes abnormality

After IR treatment, we found that the rate of blocked
cells in the S phase was from 57.05 to 66.56% in MDC1
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knocking down group, and a large portion of cells was
blocked in the G2/M phase (Fig. 6A, B). This is prob-
ably due to the that knocking down MDC1 impaired the S,
G2/M phase checkpoint function, promoting cells entering
the S or G2/M phase [17, 18]. We speculated that DNA
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continued replicating but couldn’t further divide, form-
ing the abnormal large polyploid cells (Supplementary
Fig. S1C), and leading to cell death. Consistent with our
speculation, the number of aneuploidies increased after
the knockdown of MDC1 (Fig. 6A, C). This phenomenon
aggravated after DNA damage caused by IR (Fig. 6C). We

@

shContorl

OGy--
h --

shMDC1

malignane proliferation

unrepaired L
cell apoptosis
@ Ml
ATM
@ DNA-PKew'Ku70/80

this research. Disrupting MDC1 made downstream proteins fail to be
recruited, resulting in the accumulation of damage and then inducing
cancer cell apoptosis.**p <0.01 versus controls

further examined the chromosomes of cells by Wright’s
staining. It showed the abnormal chromosomes increased
after knockdown MDCI1 (such as polycentric, severely
chromosome breakages), and these abnormalities were
enhanced after IR. Unexpectedly, we found that the num-
ber of chromosomes in the MDC1 knockdown group
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highly increased (Fig. 6D), which is consistent with the
aneuploidy test results.

Discussion

BCR-ABL fusion protein in CML has extremely strong
tyrosine kinase activity and activates downstream signal
transduction pathways [2, 26]. Recent studies suggested that
the oncoprotein BCR-ABLI increases DSBs and enhances
genetic instability. The latter lead to gene mutations and
chromosomal translocation and is highly associated with
hematological malignancy [10—12]. The NHE] is predomi-
nantly used, which recognizes, excises, and ligates the dam-
aged ends in a moderately inaccurate manner [27, 28]. This
flexibility not only permits NHEJ to repair DNA junctions
containing mutations [9, 29, 30], but also results in tumori-
genesis, disease progression, and drug-resistant phenotypes
[9]. Chromosome translocations are primarily caused by the
NHEJ pathway, moreover, NHEJ pathway dysregulations
are found in almost all types of leukemias [31, 32].

In our work, we decipher that MDCI1 engaged in the
initial stage of DNA damage repair by interacting with
53BP1 and y-H2AX and its association with major DSBs
repair mechanisms HR and NHE]J, especially with NHEJ.
By disrupting the abnormal upregulation of MDC1 in
CML, it exhibited an anticancer effect including trigger-
ing cell apoptosis and inhibition of cell proliferation. This
finding is demonstrated by the apparent accumulation of
intracellular DNA damage, the compromise of cell phase
checkpoint function, and therefore the promotion of unre-
paired cells entering the S or G2/M to increase the chro-
mosome abnormality, eventually forming the abnormal
large polyploid cells (Supplementary Fig. S1C). Notably,
we found that these manifestations are more profound in
the IM-resistant CML cell line. However, for the three
groups in the Co-IP experiment, one (UT) was untreated,
another (0 h) was treated with Cail, and a third (8 h) was
treated with Cail and then released 8 h for repair (Fig. 1B).
0 h group pulled down the interacting protein successfully.
But the proteins of the 8 h group show no obvious change
after DNA repair. We suspected that possibly there was not
sufficient time for DNA repair.

Our work illustrated that MDC1 is a prospective target
for future CML adjuvant treatment, especially for its signifi-
cant anticancer effect in the IM-resistant CML cell lines. We
assumed that it may be relevant to the higher spontaneous
DNA damage level in IM-resistant cells, which it’s more
dependent on highly active repair mechanisms to keep cells
thriving. Previous work has exhibited an increased number of
v-H2AX foci in K562/GO01 than that in K562 and TK6 [33].
And it also showed an elevated y-H2AX level in accelerated
blast phase patients’ BMMCs as compared to the chronic

@ Springer

period. CML patients’ samples have a greater level of expres-
sion than healthy controls [9]. Hence, it also explains that the
higher the malignancy, the greater the effect shows. Although
previous studies have confirmed that the level of DNA dam-
age is related to the malignancy of CML, it is the first time
that we have applied it in research and achieved positive
results. This strategy appears feasible in other types of leu-
kemia because of the over-expression of MDC1 in those cell
lines, which is worth to be explored in the future.

Conclusion

In summary, we reported the MDC1 involvement with key
proteins in the early stage of DNA damage. Suppression of
abnormally upregulated MDC1 demonstrated an anticancer
effect in CML treatment, especially in IM-resistant cells.
Our finding not only identified a novel and promising target
for the CML therapeutic options but also enriched the under-
standing of DNA repair mechanisms in clinical application.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12032-022-01821-w.
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