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Abstract

The DNA damage response (DDR) is necessary to maintain genome integrity and prevent the 

accumulation of oncogenic mutations. Consequently, proteins involved in the DDR often serve as 

tumor suppressors, carrying out the crucial task of keeping DNA fidelity intact. Mediator of DNA 

damage checkpoint 1 (MDC1) is a scaffold protein involved in the early steps of the DDR. MDC1 

interacts directly with γ-H2AX, the phosphorylated form of H2AX, a commonly used marker for 

DNA damage. It then propagates the phosphorylation of H2AX by recruiting ATM kinase. While 

the function of MDC1 in the DDR has been reviewed previously, its role in cancer has not been 

reviewed, and numerous studies have recently identified a link between MDC1 and 

carcinogenesis. This includes MDC1 functioning as a tumor suppressor, with its loss serving as a 

biomarker for cancer and contributor to drug sensitivity. Studies also indicate that MDC1 operates 

outside of its traditional role in DDR, and functions as a co-regulator of nuclear receptor 

transcriptional activity, and that mutations in MDC1 are present in tumors and can also cause 

germline predisposition to cancer. This review will discuss reports that link MDC1 to cancer and 

identify MDC1 as an important player in tumor formation, progression, and treatment. We also 

discuss mechanisms by which MDC1 levels are regulated and how this contributes to tumor 

formation.
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Introduction

The DNA damage response (DDR) is crucial for the maintenance of genome integrity and 

cell survival. A number of proteins involved in the DDR have been associated with 
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carcinogenesis, due to the potential for unresolved DNA damage to contribute to genomic 

aberrations and malignant transformation. Mediator of DNA damage checkpoint 1 (MDC1), 

also known as nuclear factor with BRCT domains 1 (NFBD1), is a scaffold protein involved 

in the early steps of the DDR, accumulating at sites of DNA double-stranded breaks within 

one minute of genomic insult [1]. There are several known sensors of DNA double-stranded 

breaks, including poly ADP-ribose polymerase-1 (PARP-1), the MRN complex (made up of 

MRE11, RAD50, and NBS1), the Ku70/80 complex, and most recently identified, SIRT6 

[2–5]. Although the MRN complex is lower in abundance and may arrive more slowly than 

PARP-1 and Ku70/80, it is required for activation of the ATM kinase, a critical step in 

double stranded break repair [6]. When a DNA double-stranded break is sensed by the MRN 

complex (Fig. 1A), the free DNA ends directly interact with RAD50 [7, 8]. The MRN 

complex then recruits the ATM kinase [9, 10], which is responsible for the phosphorylation 

of histone H2AX at serine 139 to form γ-H2AX [11, 12] (Fig. 1B). Histone H2AX is an 

H2A variant which makes up 2–25% of the H2A in mammalian cells, and its 

phosphorylation plays a crucial role in the DDR [12, 13]. While the MRN complex is 

sufficient for the initial recruitment of ATM and phosphorylation of the closest H2AX 

molecules, this phosphorylation is propagated to neighboring molecules of H2AX via 

MDC1.

MDC1 functions to amplify the phosphorylation of H2AX to form γ-H2AX. γ-H2AX can 

extend as much as 2 Mb beyond the location of the DNA double-stranded break [14]. It has 

been shown that MDC1 is necessary for the high density accumulation of γ-H2AX in the 

200 kb surrounding the DNA double-stranded break. Although free, activated ATM is able 

to phosphorylate additional H2AX between 200 and 600 kb from the double-stranded break, 

MDC1 is necessary for the high density accumulation of γ-H2AX directly surrounding the 

DNA lesion [15]. To achieve this, it interacts directly with γ-H2AX via its BRCT domain 

and recruits additional MRN complex [16, 17]. In turn, additional ATM is recruited by the 

MRN complex to propagate the phosphorylation of H2AX, resulting in an amplification of 

the γ-H2AX signal (Fig. 1c). The amplification of this signal and accumulation of additional 

DDR proteins results in DDR foci, which are visible by fluorescence microscopy. In 

addition to mediating the phosphorylation of H2AX, MDC1 itself is phosphorylated by 

ATM, and this phosphorylation is required for the ubiquitylation of γ-H2AX by RNF8, 

which is a necessary step in the response to genotoxic stress that is required for homologous 

recombination (Fig. 1b) [1, 18, 19]. This ubiquitylation has been shown to initiate a 

ubiquitylation cascade, with the E3 ligase RNF168 directly binding to RNF8-ubiquitylated 

histones [20]. This is required for the recruitment of downstream factors and the resolution 

of double-stranded breaks.

As an early effector in the DDR, MDC1 is required for homologous recombination repair of 

DNA double-stranded breaks [21]. In many respects, mice lacking MDC1 phenocopy H2AX 

knockout mice, displaying radiation sensitivity, chromosomal instability, growth defects, 

male infertility, and immune defects [16, 22, 23]. Although tumorigenesis has not been 

studied in MDC1 knockout mice, H2AX homozygous null and haploinsufficient mice show 

increased tumor burden (mainly lymphomas), particularly in the absence of p53 [24]. 

Similarly, RNF8 knockout mice show radiation sensitivity, growth defects, and tumor 
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susceptibility (mainly lymphoma and thymoma), as well as immune deficiency due to a 

defect in IgH class switch recombination [25, 26].

While the role of MDC1 in the DNA damage response has been reviewed previously [27–

31], these reviews focused on the molecular action of MDC1, rather than its potential role in 

carcinogenesis. This is likely because many of the associations between MDC1 and cancer 

have only been identified in the last 5–10 years. In this review, we will focus on new 

discoveries which relate MDC1 to cancer development, progression, and treatment.

MDC1 expression in cancer

Due to the role of MDC1 in the DDR, and the known associations between the DDR and 

oncogenesis, a number of studies have evaluated the expression of MDC1 in tumors relative 

to benign tissue. It has been hypothesized that the expression of MDC1, like other DDR 

proteins, may have either pro- or anti-oncogenic effects. Because MDC1 is crucial for the 

DNA damage response, the loss of MDC1 may result in mutagenesis and malignant 

transformation. However, MDC1 also interacts directly with p53 to inhibit its activity and 

prevent apoptosis [32, 33]. Therefore, the presence of MDC1 could oppose apoptosis, 

keeping early tumor cells viable.

Initial studies of breast, lung, and testicular germ cell tumors evaluated the expression of 

MDC1 and its downstream effector, 53BP1 [34], by immunohistochemistry (IHC) [35]. 

Bartkova et al. found ubiquitous expression of both proteins in benign tissue, but reduction 

or loss of MDC1 in 30% of breast cancer and 26% of lung cancer samples tested. Similarly, 

53BP1 was reduced in 26% and 24% of breast and lung cancer samples tested, respectively. 

This loss was, in most cases, mutually exclusive, meaning that over half of each cancer type 

had reduced expression of either MDC1 or 53BP1, consistent with studies showing that they 

function in the same pathway [34]. In contrast, there was no evidence of MDC1 or 53BP1 

loss in testicular germ cell tumors. A lower, but substantial percentage of endometrial cancer 

samples (~9%)show MDC1 loss, despite observed ubiquitous expression in benign 

endometrial tissue [36], and a small percentage of ovarian carcinomas have been found to 

lack MDC1 [37]. While low grade prostate tumors show a slight increase in MDC1 levels, 

higher grade tumors show MDC1 protein loss [38]. MDC1 protein expression has not been 

evaluated in gliomas or bladder cancer, but they both show a reduction in MDC1 RNA levels 

relative to local tissue [39, 40]. Overall, studies across a variety of tumors show MDC1 loss 

relative to benign tissue at the RNA and protein levels, indicating a potential tumor-

suppressive role for MDC1.

Additional studies have found a correlation between MDC1 loss and tumor aggression. For 

example, MDC1 loss can predict recurrent nodal metastases in breast cancer patients [41]. 

This was consistent with a later study, which found that MDC1 expression decreased with 

increasing stage in breast cancer [42].Similarly, the Sox9-mediated up-regulation of MDC1 

expression was associated with reduced perineural and lymph node invasion in pancreatic 

cancer [43]. Altogether, the consensus of a number of studies is that low MDC1 expression 

correlates with more invasive, later stage tumors, indicating that MDC1 expression may 

serve to limit the progression of disease.
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However, there are also cases in which MDC1 overexpression appears to play a role in 

cancer initiation or progression. The first of these studies, by Yuan et al. in 2011, found that 

MDC1 is upregulated in about 60% of cervical cancer samples, using small datasets of 40–

60 tumors with case matched normal tissues [44]. Similarly, in laryngeal squamous cell 

carcinoma (SCC), MDC1 protein levels are increased on immunohistochemistry by 56% of 

tumor samples tested compared with 27% of benign tissues [45]. MDC1 expression is also 

found in only 20% of benign nasopharyngeal tissue, but in 72% of nasopharyngeal 

carcinoma [46]. Although a correlation has been found between high MDC1 expression in 

ovarian carcinoma and lower overall survival, the levels of MDC1 in benign tissue were not 

evaluated in this study [47]. These findings suggest that MDC1 expression is actually higher 

in certain cancers. Notably, the majority of cervical cancer and some laryngeal SCC are 

usually driven by human papillomavirus infection (HPV), and nasopharyngeal carcinoma by 

Epstein-Barr virus (EBV) [48–50]. Viral carcinogenesis activates the DNA damage response 

via several mechanisms, both via the viral infection itself and through expression of viral 

proteins [51, 52]. Therefore, it is possible that the higher levels of MDC1 in these cancers is 

a passenger event rather than a driver in tumorigenesis, due to the viral integration and 

subsequent activation of the DNA damage response.

Taken together, the work characterizing MDC1 expression in cancer indicates that MDC1 

often functions as a tumor suppressor, with MDC1 loss being associated with tumor 

development. However, a subset of cancers, and primarily virally-driven tumors, have up-

regulation of MDC1. These findings are summarized in Table 1. This association between 

MDC1 expression and potentially both oncogenic and tumor suppressive roles indicates an 

opportunity for further research to understand its complex role in cancer.

MDC1 loss and sensitivity to DNA damaging agents

As previously discussed, several studies have found associations between MDC1 loss and 

cancer incidence as well as higher grade, more aggressive tumors [35–37, 41–43]. However, 

even prior to its association with cancer, early studies on the function of MDC1 in the DDR 

noted that MDC1 knockdown resulted in increased radiosensitivity and sensitivity to DNA-

damaging chemotherapeutics [32, 53]. After its identification as a tumor suppressor, which 

is lost in a subset of cancers, this observation was used to hypothesize that tumors lacking 

MDC1 may be highly sensitive to these treatments.

In particular, the effect of MDC1 loss on Adriamycin (doxorubicin), CDDP (cisplatin), and 

radiation sensitivity has been extensively studied. Doxorubicin is a topoisomerase II 

inhibitor which results in the induction of single- and double-stranded DNA breaks [54]. In 

addition, it is responsible for generating free radicals which contribute to additional DNA 

damage, as well as increased cell stress and induction of apoptosis [55]. A number of studies 

have observed that MDC1 loss increases sensitivity to doxorubicin. This has been 

demonstrated in esophageal [56], nasopharyngeal [46], breast [57], and cervical carcinoma 

[44]. Several of these studies, as well as others, also indicate enhanced sensitivity to cisplatin 

with MDC1 knockdown [56–59]. Like doxorubicin, the primary mechanism of action for 

cisplatin therapy is the induction of DNA damage. Cisplatin crosslinks to purine bases of 

DNA, halting cell cycle progression, and ultimately resulting in apoptosis if the damage is 
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not repaired. However, cisplatin also causes DNA damage through the formation of free 

radicals, and promotes apoptosis via other pathways, including modulation of calcium 

signaling and activation of ERK [60]. It is likely that with loss of MDC1, the defect in the 

DDR results in an inability to repair the DNA damage caused by doxorubicin and cisplatin, 

resulting in increased apoptosis in the presence of these chemotherapeutic agents. This is 

true as well for radiation, where MDC1 loss has been shown to increase radiation-induced 

apoptosis in a variety of cancer types, including laryngeal squamous cell carcinoma [61] and 

nasopharyngeal carcinoma [62]. Finally, two studies in nasopharyngeal carcinoma find 

increased sensitivity to the pyrimidine analog 5-fluorouracil (5-FU) upon MDC1 knockdown 

[46, 59].

Radiation, doxorubicin, and cisplatin work by inducing DNA damage in all cells, and 

preferentially killing faster growing cells or cells with an impaired DDR. However, 

ultimately, all cells including normal cells will be affected, resulting in a low therapeutic 

index and high toxicity for these drugs. An alternative therapy emerging for tumors with 

DDR defects is Poly(ADP-ribose) polymerase (PARP) inhibition. PARP inhibitors block the 

repair of endogenous single-stranded DNA breaks by PARP enzymes, resulting in cytotoxic 

double-stranded DNA breaks [63]. Therapeutically, they are synthetically lethal with Breast 

Cancer gene (BRCA) 1 or 2 deficiency, which causes a defect in homologous recombination. 

PARP inhibition is therefore significantly less toxic than conventional chemotherapeutics to 

normal cells. Wang et al. reveals that MDC1 loss may result in increased sensitivity to PARP 

inhibitors in nasopharyngeal carcinoma [64]. Although more work is required to determine 

whether this is a therapeutically viable option, it is promising evidence that the use of PARP 

inhibitors may be expanded beyond BRCA mutated tumors.

An interesting observation regarding MDC1 loss and sensitivity to DNA-damaging 

chemotherapeutics is the signature combination of increased DNA damage with a failure to 

accumulate γ-H2AX foci. Certain chemotherapeutics, including doxorubicin and cisplatin, 

and radiation induce DNA double-stranded breaks. γ-H2AX, represents an early step in 

DNA damage recognition. Recall that MDC1 directly interacts with γ-H2AX to recruit 

ATM, the kinase which propagates the phosphorylation of H2AX to form γ-H2AX [16]. 

Many studies use γ-H2AX as a surrogate marker for DNA damage, due to its early role in 

the DDR. However, in the case of MDC1 loss, the DDR is interrupted upstream of γ-H2AX 

foci formation, resulting in a paradoxical increase in DNA damage with a reduction in the 

formation of γ-H2AX (Fig. 1d). This observation is consistently seen across several of the 

studies reviewed above [46, 57–59, 62, 64]. This phenomenon is important to note: when 

evaluating systems for an increase or decrease in DNA damage, it may be misleading to rely 

on γ-H2AX as a marker for DNA damage, particularly in the case where upstream 

mediators, such as MDC1, may be perturbed. Instead, it is important to combine γ-H2AX 

levels with an assay for directly detecting DNA double stranded breaks, such as a neutral 

comet assay. In this assay, cells are run on an electrophoretic field. Intact DNA stays inside 

the nucleus, while DNA with double-stranded breaks migrates and forms a comet-like tail 

[65, 66]. This is a direct measure of DNA double-stranded breaks. The combination of 

increased DNA damage via comet assay with a reduction in γ-H2AX foci formation may be 

a useful fingerprint of an upstream DDR defect, such as loss of MDC1.
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MDC1 as a transcriptional co-regulator in cancer

It has been clearly demonstrated that the role of MDC1 in the DDR has potential to impact 

carcinogenesis and cancer treatment. However, MDC1 has also been reported to function as 

a transcriptional co-regulator for the nuclear hormone receptors, Estrogen Receptor α (ERα) 

and Androgen Receptor (AR) in breast and prostate cancer, respectively [38, 42].

Zou et al. found that in breast cancer, MDC1 directly interacts with ERα, resulting in its co-

activation and up-regulation of ERα target genes, including p21, a negative cell cycle 

regulator. The authors propose that this MDC1 co-activation and resulting increase in p21 

expression serves as a barrier to prevent malignant transformation in breast tissue. 

Consistent with this model, they observed loss of MDC1 in later stage breast cancer [42]. 

This is also consistent with Patel et al., which showed MDC1 loss in metastatic breast cancer 

[41]. A similar model has been proposed by Zhao et al. in a study of MDC1 in prostate 

cancer, where MDC1 was identified as an AR co-activator in a drosophila-based screen [38]. 

The screen used the position effect variegation (PEV) system in drosophila, which uses GFP 

and white expression to identify euchromatic and heterochromatic regions [67]. Using this 

method, transcriptional co-regulators can be identified via monitoring the chromatin 

remodeling as expression levels of GFP and white fluctuate [68]. Upon the identification of 

the MDC1 homolog mu2 as an AR co-activator, MDC1 co-activation of AR was validated in 

human prostate cancer cells. MDC1 was shown to associate with AR via 

immunoprecipitation, and MDC1 knockdown resulted in decreased expression of a subset of 

AR target genes, including p21. To determine how MDC1 loss may be altering AR 

transcription, it was shown that MDC1 knockdown reduces H3K9 acetylation at androgen 

response elements (AREs). H3K9 acetylation mediates the transition between transcriptional 

initiation and elongation by facilitating the release of RNA Pol II [69]. MDC1 knockdown 

results in impaired recruitment of GCN5, the histone acetyltransferase that has been shown 

to acetylate H3K9 on AREs, resulting in reduced H3K9 acetylation and reduced AR-

mediated transcription in the absence of MDC1 (Fig. 2). However, this study did not 

determine whether the interaction between MDC1 and either the AR or GCN5 is a direct 

interaction, or if they exist in complex with other potential binding partners. In fact, it has 

been shown that GCN5 is recruited and functions to acetylate histones during DNA double-

stranded break repair [70]. Therefore, it is possible that AR co-activation by MDC1 is 

actually occurring in the context of DNA damage. However, it is proposed that, similarly to 

its function in ER-positive breast cancer, MDC1 functions to maintain a tumor-suppressive 

AR gene transcriptome and, when lost, may contribute to tumor development [38, 42]. Still, 

it is currently unknown whether the co-activation of ERα also occurs via recruitment of 

GCN5, or if this is through another mechanism entirely.

A multitude of studies have described crosstalk between DDR proteins and nuclear hormone 

receptor transcriptional activation [71]. The nuclear hormone receptors AR and ER are 

known to influence the transcription of proteins involved in a variety of DDR pathways. For 

instance, it has been shown that AR signaling promotes DNA repair in prostate cancer via 

direct induction of DDR gene expression, including upregulation of DNA PK-cs, ATR, and 

PARP1. [72, 73]. Additionally, both AR and ER have been shown to utilize topoisomerase II 

β in order to induce double-stranded breaks, relieving torsional stress for transcriptional 
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activation [74–76]. These transcription-associated double-stranded breaks result in the 

recruitment of DDR proteins, and it is possible that these factors are then locally available to 

act as transcriptional co-regulators. Alternatively, the repair of the damaged ER or AR target 

genes may indirectly result in their up-regulation, simply by allowing for transcription of 

genes that were previously interrupted by double-stranded breaks.

This interplay between the DDR and nuclear hormone receptor signaling is of great interest 

for therapeutic purposes. For instance, hormonal therapy in combination with radiotherapy is 

a common treatment in prostate cancer and serves to improve survival [77, 78]. Additionally, 

there is emerging evidence that treatment with androgen deprivation therapy in prostate 

cancer confers a functional inhibition of homologous recombination, impairing the DNA 

damage response and rendering cells sensitive to PARP inhibition [79, 80]. This has led to a 

variety of clinical trials attempting to combine PARP inhibition with AR-targeting therapies 

[81]. Fully understanding how nuclear receptors influence DDR proteins and vice versa may 

be critical to utilization of these therapeutic strategies.

Regulation of MDC1 levels in cancer

The abundance of studies describing the impact of MDC1 loss or overexpression in various 

types of cancer raises the question of what regulates MDC1 transcript and protein levels. 

Wang et al. examined MDC1 in breast cancer, and found that Liver receptor homolog-1 

(LRH1) is a transcription factor responsible for promoting MDC1 expression and 

subsequent chemoresistance in breast cancer cells [57]. Additionally, the MDC1 promoter 

contains transcription factor binding sites for STAT-1, Sp1, and NF-Y, although only Sp1 

and NF-Y have been shown to bind to the promoter, and Sp1 binding was shown to be most 

important for MDC1 transcription [82]. In addition to identifying these transcription factors, 

several studies have attempted to address the question of what regulates MDC1 expression 

by examining non-coding RNAs. Several non-coding RNAs have been shown to alter MDC1 

transcript levels, serving to either up- or down-regulate MDC1 mRNA.

Over 90% of the human genome is actively transcribed into noncoding RNA, compared with 

the 2% that represent protein-coding genes [83, 84]. For this reason, the role of these 

noncoding RNAs in carcinogenesis is of great interest, with a variety of long noncoding 

RNAs (lncRNAs) being associated with both tumor suppression and oncogenesis [85]. 

Noncoding RNA transcripts which are transcribed from the opposite DNA strand of a 

protein-coding region are referred to as antisense transcripts. Over 70% of transcribed 

RNAoverlaps with opposite strand coding regions [86]. Katayama et al. found that these 

antisense transcripts are often regulated similarly to their opposite strand coding transcripts, 

and that antisense RNAs can alter the transcription of their sense strand counterparts. This 

suggests a role for antisense RNA in coding gene regulation.

MDC1-AS (antisense) is a lncRNA that has been shown to be down-regulated in gastric 

cancer, bladder cancer, and glioma [39, 40, 87]. It is transcribed on the antisense strand of 

the MDC1 transcript (Fig. 3A). In accordance with the above findings, MDC1-AS appears to 

play a part in the regulation of MDC1 levels. A microarray screen for differentially 

expressed lncRNAs in bladder cancer identified MDC1-AS as a downregulated lncRNA 
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[40]. They found that this MDC1-AS tumor-suppressive activity was dependent on the 

presence of MDC1, and that MDC1-AS expression promoted up-regulation of MDC1 

mRNA itself. The mechanism by which this occurs is unclear, although one study has found 

that antisense RNA may increase the stability of the sense mRNA counterpart, in the case of 

β-secretase expression in Alzheimer’s [88]. These findings have been recapitulated in 

glioma and gastric cancer, finding lower levels of MDC1-AS and MDC1 itself in tumors 

compared with benign tissue [39, 87]. Consistent with this, analysis of RNA-seq data of 

normal tissues from the Human Protein Atlas (HPA) indicates that expression of MDC1 

mRNA strongly correlates with expression of MDC1-AS in normal tissues, with r=.992 and 

p<.0001 (Fig. 3B, 3C) [89]. Therefore, it is reasonable to suggest that tumors with low levels 

of MDC1-AS will also have low levels of MDC1, and the idea that MDC1-AS regulates 

MDC1 transcript is validated in these studies. However, it begs the question of what 

regulates MDC1-AS levels, and whether other factors govern MDC1 expression in different 

tissues and cancer types.

In addition to lncRNAs, Zhang et al. identified the microRNA, mir-300, as a regulatory RNA 

which suppresses MDC1 expression in hepatocellular carcinoma [90]. miRNAs are shown to 

repress their target mRNAs through a variety of mechanisms, inducing both translational 

repression and mRNA degradation [91, 92]. In addition, they have been shown to promote 

the expression of target genes in certain instances [93]. Mir-300 has been shown to regulate 

a variety of genes in cancer, including p53 and focal adhesion kinase (FAK), a metastasis 

suppressor [94, 95]. In the case of MDC1, it was shown that mir-300 plays a repressive role, 

with its levels inversely correlated with levels of MDC1 in hepatocellular carcinoma. It was 

also shown to directly target the MDC1 3’ UTR in a luciferase assay. The repression of 

MDC1 by mir-300 was associated with reduced cell growth and viability, supporting a role 

for MDC1 as a tumor suppressor. However, mir-300 has also been shown to target and 

reduce the expression of Sp1, a transcription factor that promotes expression of MDC1 [82, 

96]. Therefore, mir-300 may both directly and indirectly regulate MDC1 transcript levels. 

Taken together, the upregulation of MDC1 by MDC1-AS lncRNA serves as a tumor 

suppressor, while its repression by mir-300 is oncogenic. This indicates that the regulation of 

MDC1 by non-coding RNAs may be an important mechanism by which MDC1 loss 

contributes to tumorigenesis.

In addition to these mechanisms of MDC1 transcriptional regulation, it is notable that 

despite certain studies finding relatively low or high levels of MDC1 protein on IHC, these 

do not always correspond with mRNA levels (Table 1, Fig. 3B). For instance, although Zhao 

et al. found high MDC1 expression in benign pancreatic tissue, mRNA levels of MDC1 are 

actually relatively low in the pancreas when compared with other tissues [43, 89]. This 

discordance between MDC1 mRNA levels and MDC1 protein abundance suggests 

regulation of MDC1 at the posttranscriptional and/or post-translational level. MDC1 has 

been shown to be ubiquitylated and degraded via the ubiquitin-proteasome system as a 

normal part of DNA damage foci disassembly, but this may or may not contribute to overall 

levels of MDC1 in tissues [97]. Additionally, the ligase that ubiquitylates MDC1 has not 

been identified, so further work must be done in order to analyze whether this ubiquitylation 

impacts overall MDC1 protein levels, and if the E3 ligase has a role in cancer. Additional 
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studies are needed to fully understand both the transcriptional and posttranscriptional 

mechanisms by which MDC1 levels are regulated in cancer.

MDC1 Mutations in Cancer

The majority of focused studies on MDC1 in cancer have noted alterations of MDC1 protein 

and RNA levels, with the loss of MDC1 in most cases associated with tumor formation. 

However, in addition to alterations in MDC1 expression, there are also a number of MDC1 

mutations found in patient samples.

Mutations are found throughout the length of the MDC1 protein sequence (Fig. 4). The most 

frequent mutation identified in MDC1 is G1558C, which has been found in melanoma, 

bladder cancer, prostate cancer, and non-small cell lung cancer patient samples [98–103]. 

Although there have been no targeted functional studies of G1558 mutations, G1558 lies in 

the proline-serine-threonine (PST)-rich repeat region of MDC1, which contains 13 imperfect 

repeats of about 41 amino acids from AA 1141–1662 [29]. This region is one of the less 

characterized domains of MDC1, and it is not required for MDC1 to accumulate at DNA 

double-stranded breaks or for its recruitment of the MRN complex [104, 105]. However, 

despite this domain not playing a role in MDC1’s recruitment or interactions, constructs 

lacking this domain are defective in homologous recombination. The precise explanation for 

the importance of this domain is unclear. With it being a frequently mutated site in tumors, 

further investigation of the function of the PST-repeats and G1558 specifically would be 

worthwhile. The frequency of these somatic mutations in MDC1 in cancers likely represents 

defects in the tumor-suppressive functions of MDC1.

In addition to the somatic mutations identified in MDC1 in cancer tissue, Wang et al. 

evaluated single-nucleotide polymorphisms (SNPs) in the MDC1 gene and risk of lung 

cancer in a Chinese population [106]. This study showed that a SNP in the 5’ UTR of 

MDC1, rs4713354A>C, results in about a 1.3-fold increased risk of lung cancer. 

Additionally, they found that this SNP was associated with overall reduced MDC1 mRNA 

expression. This is consistent with other studies of MDC1 in lung cancer: tumor tissues have 

reduced levels of MDC1 relative to benign tissues, and the 5’ UTR SNP in MDC1 may 

result in a low-MDC1 phenotype, resulting in increased cancer risk [35].

Conclusions

The DNA damage response has been widely studied in relation to carcinogenesis, with many 

DDR proteins playing roles in tumor suppression. MDC1, a scaffold protein involved in 

responding to DNA double-stranded breaks, has been shown to be crucial to the formation of 

DDR foci, specifically the propagation of γ-H2AX [16, 17, 21]. As detailed above, 

numerous studies have linked MDC1 to carcinogenesis. MDC1 has primarily been 

characterized as a tumor suppressor, with studies showing MDC1 loss in a variety of cancers 

across organ systems [35, 36, 38–43, 87]. The model proposed is that the increased genomic 

instability resulting from MDC1 loss allows the potential for malignant transformation. 

However, an exception may be a subset of tumors that show increased MDC1 expression, 
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possibly due to the up-regulation of the DNA damage response in virally driven tumors [44–

46].

Although MDC1 clearly has a tumor suppressive function, one remaining question is what 

regulates the levels of MDC1. Several transcription factors and non-coding RNAs have been 

shown to regulate MDC1 transcript levels, but it is also possible that MDC1 levels are 

controlled at the post-transcriptional/post-translational level. With so many factors 

potentially contributing to MDC1 regulation, studies need to be conducted to demonstrate 

what causes loss of MDC1 in individual tumor types.

Additionally, there are opportunities for potential therapeutic interventions in MDC1-low or 

MDC1-mutated tumors. These genomically unstable cells have been shown to be more 

susceptible to DNA damaging chemotherapeutics, radiation, and PARP inhibitors, due to the 

lack of adequate DNA double-stranded break repair [44, 46, 56–59, 62]. This may provide 

an opportunity to use MDC1 levels as a biomarker for patients who may benefit from these 

therapies.

Altogether, MDC1 has been associated with so many different types of cancer that further 

research into its mechanism of action in tumorigenesis may be particularly useful, since the 

implications could be broadly applicable. Future studies of MDC1 in cancer should focus on 

its regulation and how to target MDC1 low or MDC1 high tumors.
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Highlights

• MDC1 is a scaffold protein that functions in DDR to maintain genome 

integrity

• MDC1 loss sensitizes cancers to chemotherapies

• MDC1 also shows potential roles as a nuclear receptor transcriptional co-

regulator

• Mutations to MDC1 and changes in MDC1expression occurs in cancer

• MDC1 plays important roles in tumor formation, progression, and treatment
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Figure 1. MDC1 is a scaffold protein which propagates the phosphorylation of H2AX to form γ-
H2AX.
A. DNA double-stranded breaks form free DNA ends. B. Free DNA ends are detected by the 

MRN complex, which recruits ATM kinase to phosphorylate H2AX to form γ-H2AX. C. 

MDC1 interacts directly with γ-H2AX to recruit additional MRN complex and ATM, 

amplifying the γ-H2AX signal. It also recruits RNF8, resulting in the ubiquitination of γ-

H2AX. D. In the absence of MDC1, free ends are still detected by the MRN complex, but 

the γ-H2AX signal is not propagated onto nearby chromatin to form visible γ-H2AX foci.
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Figure 2. Potential model for MDC1-mediated co-activation of AR and ERα.
MDC1 has been shown to co-immunoprecipitate with both AR and ERα, and there is 

evidence that it plays a role in recruiting GCN5 to acetylate H3K9, resulting in increased 

transcription of p21 [38, 42].
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Figure 3. MDC1-AS is the antisense transcript of MDC1, and its transcription correlates with 
MDC1 transcription.
A. Map of MDC1-AS gene relative to MDC1. B. Summary of MDC1 and MDC1-AS RNA 

expression in benign tissue types. RPKM is reads per kilobase per million mapped reads, a 

normalized unit of transcription expression. Data from the Human Protein Atlas [89]. C. 

MDC1 and MDC1-AS levels strongly correlate (r=.992, p<.0001, Pearson correlation).
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Figure 4. Map of MDC1 mutations in human cancer.
MDC1 somatic mutations occur across the entire length of the MDC1 protein, but G1558C, 

within the PST repeats, is the most common MDC1 mutation observed (Fig. generated in 

cBioPortal [98, 99]).
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Table 1.

Summary of MDC1 expression and associated treatment sensitivities in cancer. This table summarizes the 

MDC1 levels in different types of benign tissue and tumors, as well as demonstrated therapeutic sensitivities 

with MDC1 loss in these tumors.

Cancer type MDC1 levels in benign tissue MDC1 levels in tumor Therapeutic sensitivities 
with MDC1 loss/
knockdown

Pancreatic High (IHC) [43] Reduced in invasive tumors (IHC) [43] Unknown

Breast High (IHC) [35] Reduced, particularly in high stage and nodal metastases 
(IHC) [35, 41, 42]

Doxorubicin, cisplatin [57]

Lung High (IHC) [35] Reduced (IHC) [35] Unknown

Glioma Both MDC1 and MDC1-AS 
are high (qPCR, Western blot) 
[39]

Both MDC1 and MDC1-AS are reduced (qPCR, 
Western blot) [39]

Unknown

Bladder Both MDC1 and MDC1-AS 
are high (RNA) [40]

Both MDC1 and MDC1-AS are reduced (RNA) [40] Unknown

Gastric MDC1-AS is high (RNA) [87] MDC1-AS is reduced (RNA) [87] Unknown

Prostate Moderate [38] Increased in well-differentiated tumors (IHC)
Reduced in poorly differentiated tumors (IHC) [38]

Unknown

Cervical Low (IHC) [44] Increased (RNA and IHC) [44] Doxorubicin [44], cisplatin 
[58]

Squamous cell Low (laryngeal, IHC) [45] Increased (laryngeal, IHC) [45]
Increased in lymph node mets (oral, IHC) [107]

Radiation (laryngeal) [61]

Nasopharyngeal Low (IHC) [46] Increased (IHC) [58] Doxorubicin [46], cisplatin 
[46, 59], 5-FU [46, 59], 
radiation [62], olaparib [64]

Endometrial Unknown Lost in a subset of patients (IHC) [36] Unknown

Hepatocellular Unknown Increased expression of repressive miRNA [90] Unknown

Ovarian Unknown Increased expression correlates with low survival (IHC) 
[47]
Low expression in small subset of patients (IHC) [37]

Unknown

Esophageal Unknown Unknown Doxorubicin, cisplatin [56]
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