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Abstract

mTOR is a  se rine / thre o nine  kina se  a nd p la ys a  c ritic a l ro le  in 

ma mma lia n c e ll g ro wth, surviva l, a nd  me ta b o lism. mTOR is pre se nt in 

two  c e llula r c o mple xe s: mTORC1 a nd mTORC2. Dysre g ula tio n o f the  

mTOR pa thwa y ha s b e e n re la te d  to  tumo rig e ne sis, po o r pro g no sis a nd /

o r c he mo the ra py re sista nc e  in a  va rie ty o f ma lig na nc ie s. Inhib itio n o f 

mTORC1 b y Ra pa myc in a nd its a na lo g s ha s b e e n e xplo re d  to  tre a t 

a  numb e r o f tumo rs. Ho we ve r, the  e ffe c tive ne ss o f pa tie nt re spo nse  

is limite d  a nd no t a ll pa tie nts re spo nd. Se c o nd g e ne ra tio n o f mTOR 

inhib ito rs ha ve  re c e ntly b e e n de ve lo pe d  to  ta rg e t mTOR kina se  

a c tivity a nd to  suppre ss b o th mTORC1 a nd mTORC2. Dua l mTORC1/

mTORC2 inhibitors generally are more efficacious in preclinical 
studie s a nd c linic a l tria ls. We  a nd o the rs ha ve  re c e ntly fo und tha t 

dua l mTORC1/ mTORC2 inhib ito rs se nsitize  T-c e ll a c ute  lympho c ytic  

le uke mia  a nd rha b do myo sa rc o ma  c e lls to  DNA da ma g ing  a g e nts 

b y suppre ssio n o f e xpre ssio n o f FANCD2 o f the  Fa nc o ni a ne mia  

pa thwa y, a n impo rta nt DNA re pa ir me c ha nism tha t is a sso c ia te d  with 

drug  re sista nc e  o f multip le  type s o f c a nc e r. This re vie w will hig hlig ht 

mTOR a nd the  Fa nc o ni a ne mia  pa thwa y in c a nc e r, with a  pa rtic ula r 

a tte ntio n to  o ur ne wly d isc o ve re d  c o nne c tio n b e twe e n mTOR a nd the  

Fa nc o ni a ne mia  pa thwa y.  
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Introduction 

�e mammalian target of Rapamycin (mTOR) is a serine/

threonine kinase that signals through two parallel molecular 

complexes: mTOR complex 1 (mTORC1) and mTORC2 [1]. 

mTORC1 contains Raptor, mLST8, PRAS40 and Deptor, while 

mTORC2 contains Rictor, mLST8, mSIN1 and Protor [1]. In 

response to nutrients, growth factors, and intracellular energy status, 

mTORC1 is activated by signaling through phosphatidylinositol-3-

OH kinase (PI3K), PDK1 and Akt [2]. mTORC1 activation leads to 

phosphorylation of the translational regulators S6K1 and 4E-BP to 

regulate protein synthesis, cell growth and metabolism. mTORC2, 

on the other hand, can regulate cell survival via phosphorylating 

Akt on Ser473 [2,3]. �e critical role of mTOR is attested by 

the lethality of mice harboring full-body knockout of mTOR 

and by tissue-speci�c knockout of mTOR complex components  

[4-24]. 

mTOR has been suggested to regulate DNA damage response 

(DDR) that is important for maintenance of genomic stability [25-

27]. Mammalian cells have evolved a complex network of DDR to 

sense and respond to genotoxic agents [28]. Activation of DDR leads 

to the repair of DNA damage and genomic restoration, with cell death 

being an alternative outcome [29]. A major DDR network consists of 

Fanconi anemia (FA) DNA repair pathway; mutation of each of the 

15 known FANC genes causes FA syndrome in human, which is o�en 

manifested by bone marrow failure [30-32]. 

�is brief review will outline mTOR and the FA pathway in 

cancer, with a particular attention to our newly discovered connection 

between mTOR and the FA pathway.

mTOR in cancer 

mTOR plays a crucial role in regulating cancer cell growth, 

proliferation, survival, migration and tumor angiogenesis [33]. 

Hyperactivation of mTOR signaling has been reported in many 

cancers (e.g. renal cell carcinoma, chronic myeloid leukemia) [34,35]. 

Deregulation of mTOR signaling in cancer occurs through complex 

mechanisms, including overexpression or activation of oncogenic 

Ras, PI3K, Akt, epidermal growth factor receptor (EGFR), BCR-

ABL or loss of function of tumor suppressor genes phosphatase and 

tensin homolog (PTEN), tuberous sclerosis complex (TSC), and 

LKB1 [35-37]. mTOR downstream targets are also deregulated in a 

number of tumors. For example, S6K1 overexpression or activation 

has been detected in several cancer cell lines including breast cancer 

cells [33,34]. It has been shown that 4E-BP1 is overexpressed in 

gastrointestinal cancer and is hyperactivated in breast cancer and 

ovarian tumors [33]. 

Deregulation of mTOR pathway has also been implicated in 

chemotherapy resistance mechanisms. Overexpression of mTOR and 

S6K1 has been associated with TRAIL resistance of glioblastoma [38]. 

�e resistance of NB4 promyelocytic cells to retinoid acid is related 

to defects in the regulation of 4E-BP1 and 4E-BP2 [39]. mTOR 

activation is linked to vincristine resistance of pro-B lymphoma 

cells [40]. Activation of mTOR and S6K1 is indicated in cisplatin or 

Adriamycin resistance of hepatocellular carcinoma, lung carcinoma, 

T-cell acute lymphocytic leukemia (T-ALL), and �brosarcoma cells 

[41]. In addition, the aberrant activation of mTOR signaling has been 

detected in chemo-, radio- and/or hormone-resistant chordoma, 

breast cancer, pancreatic cancer, and prostate cancer cells [42-45]. 

Because of its pivotal role in tumorigenesis and drug resistance, 

mTOR has presented itself as a valid target for the treatment of 
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various cancers. Targeting mTORC1 by rapamycin and its analogs 

has been explored in preclinical studies and clinical trials to treat 

tumors of diverse cellular origin. A rapamycin analog Temsirolimus 

was approved for treating renal cell carcinoma by the US Food and 

Drug Administration (FDA) in 2007. However, in general the length 

of patient response to rapamycin or rapamycin analogs is limited and 

not all patients respond. �is could be attributable to several factors. 

First, rapamycin and its analogs release the negative feedback loop 

between S6K and Akt, resulting in Akt hyperactivation. Second, 

rapamycin and its analogs can only transiently inhibit the activity 

of 4E-BP1, leading to suboptimal inhibition of protein synthesis. 

Finally, rapamycin and its analogs have minimum inhibitory e�ect 

on mTORC2 activity [36,37,46,47]. It is noted that mTORC1 and 

mTORC2 may be complementary to each other in regulating cellular 

functions with mTORC1 governing cell growth, proliferation and 

metabolism, while mTORC2 regulating cell survival [2,3]. �at said, 

it is unlikely that mTORC1 inhibitors suppress cell survival. Even 

worse, mTORC1 inhibitors may enhance cell survival through Akt 

activation that is known to be regulated by mTORC2 [2,3], and 

therefore, reminiscent of compensatory increase of mTORC2 activity.   

To overcome the limitations of mTORC1 inhibitors, a new 

generation of mTOR inhibitors has recently been developed to 

target mTOR kinase activity and thus both mTORC1 and mTORC2. 

Compared to rapamycin and its analogs, these dual mTORC1/

mTORC2 inhibitors, overall, have signi�cantly higher anticancer 

e�cacy. Among them, AZD8055, OSI-027 and INK128 have 

entered into clinical trials [35]. Readers are referred to a number of 

excellent reviews on this topic published recently [34,47-49]. It is 

notable that dual mTORC1/mTORC2 inhibitors may also be more 

e�ective than rapamycin and its analogs in combinatory therapy. 

For example, a dual mTORC1/mTORC2 inhibitor pp242 synergized 

with bortezomib in inhibition of multiple myeloma (MM) cell growth 

and survival, whereas this synergistic e�ect was not seen when the 

cells were treated with rapamycin in combination with bortezomib 

[50,51]. An important issue concerning dual mTORC1/mTORC2 

inhibitors is that they may activate ERK/MAPK pathway [50,52], 

leading to cancer cell hyperproliferation. However, this is likely a cell 

type-speci�c event. While MM cells treated with pp242 showed an 

increased ERK phosphorylation [50,52], we observed an attenuated 

ERK activation in pp242-treated T-ALL cells [53]. Another caveat 

is that dual mTORC1/mTORC2 inhibitors may induce autophagy, 

which could promote cancer cell survival [49]. �ese drawbacks may 

be circumvented by combining dual mTORC1/mTORC2 inhibitor 

with ERK inhibitor or autophagy inhibitor. Indeed, even mTORC1 

inhibitor can synergize with autophagy inhibitor in inhibition of 

endothelial cell growth [54].

�e FA DNA repair pathway in cancer

�e FA signaling pathway is essential for DNA damage repair 

and thus for maintaining genomic stability. Upon DNA damage, the 

FA core complex containing FANCA and FANCF, among others, 

induces monoubiquitylation of FANCD2, which in turn leads to 

FANCD2 translocation to nuclear foci and subsequent DNA repair 

[31,55]. Mutation or silencing of genes controlling the FA pathway 

causes a genomic instability syndrome, namely FA, that is defective 

for DDR resulting in cellular hypersensitivity to DNA damaging 

agents [30]. 

Gain-of-function in the FA pathway (e.g. overexpression of FA 

proteins) appears to play a key role in underlying drug resistance of 

multiple types of cancer. �e FA pathway has been identi�ed as a key 

pathway in both chemo- and radio-resistance of mesothelioma [56]. 

FANCF and FANCD2 contribute to melphalan resistance of MM 

cells [57-59]. DNA alkylating agent resistance of glioma and cisplatin 

resistance of ovarian cell cells are attributable to increased FANCD2 

monoubiquitination and FANCD2 nuclear foci formation [60,61]. 

In head and neck cancer cells, pro�cient FANCD2 foci formation 

is associated with cisplatin resistance [62]. In addition, FANCD2 is 

related to etoposide resistance of lung cancer cells and doxorubicin 

resistance of breast cancer cells [63]. �us, it has been a long sought-

a�er goal in the FA �eld that rational targeting the FA pathway 

may provide a chemo-sensitizing avenue for more e�ective DNA 

damaging chemotherapy [63-67].

Linkage of mTOR to the FA pathway

mTOR is known to regulate DDR [25,26]. By gene targeting 

approach, we have recently shown that deletion of mTOR in mouse 

hematopoietic stem and progenitor cells causes a defective DDR 

to a variety of DNA damage agents (e.g. melphalan, mitomycin C, 

γ-ionizing radiation) [68]. Mechanistically, we demonstrate that 

mTOR de�ciency inhibits expression of FANCD2 [68]. �is regulation 

of FANCD2 expression by mTOR is conserved in mouse myeloid 

cells and human B lymphoblasts, because ablation of mTOR in mouse 

myeloid cells or inhibition of mTOR in human B lymphoblast by 

dual mTORC1/mTORC2 inhibitors (e.g. pp242, Torin 1) suppresses 

FANCD2 expression [53,68]. We further show that mTOR de�ciency 

or inhibition increases phosphorylation and nuclear translocation 

of nuclear factor (NF)-κB, which results in an enhanced NF-κB 

binding to FANCD2 promoter to suppress FANCD2 expression [68]. 

It appears that mTOR negatively regulates NF-κB activity by direct 

binding to IKK and that mTOR knockout or inhibition disrupts the 

mTOR-IKK complex to release IKK for binding to and activation by 

TAK1 leading to increased NF-κB nuclear activity [68] (Figure 1A). 

Interestingly, mTOR-NF-κB-FANCD2 signaling circuitry seems not 

to be dependent on mTORC1 or mTORC2, because deletion of either 

the mTORC1 component Raptor or the mTORC2 component Rictor 

has no e�ect on FANCD2 expression [68]. 

We have also found that mTOR-NF-κB-FANCD2 signaling 

hub exists in human T-ALL cells [53]. However, in T-ALL cells, 

the downregulation of FANCD2 by mTOR inhibition correlates 

with a deactivation of NF-κB (our unpublished data), suggesting 

that NF-κB plays a positive role in mediating FANCD2 expression 

in these cells, reminiscent of that in melphalan-resistant MM cells 

[59] (Figure 1B). In line with our discovery, mTOR has been found 

to regulate FANCD2 expression in rhabdomyosarcoma cells [69], 

particularly in alveolar rhabdomyosarcoma harboring the PAX3/

FOXO1 fusion gene [70]. It is worth noting that in T-ALL cells, 

we did not detect an inhibitory e�ect of rapamycin on FANCD2 

expression, consistent with the mTORC1-independent role of mTOR 

in the regulation of FANCD2 expression in mouse hematopoietic 

stem and progenitor cells. However, in rhabdomyosarcoma cells, 



Citation: Guo F. Mtor-Fanconi Anemia DNA Damage Repair Pathway in Cancer. J Oncobiomarkers. 2014;2(1): 5.

J Oncobiomarkers 2(1): 5 (2014) Page - 03

ISSN: 2325-2340

Figure 1: Working model of mTOR regulation of FANCD2 expression 

through NF-κB pathway in normal and cancer cells. (A) In normal cells, 

mTOR binds to IKK, leading to sequestration of IKK from binding to and 

activation by TAK1. As a result, NF-κB activation and binding to FANCD2 
promoter is suppressed, which causes depression of FANCD2 gene 

expression. (B) In cancer cells, mTOR binding to IKK induces IKK binding to 

and activation by TAK1. IKK activation leads to NF-κB activation and binding 
to FANCD2 promoter, which in turn promotes FANCD2 gene expression. 

it appears that mTORC1 accounts for mTOR e�ect on FANCD2 

expression [69]. �us, whether mTOR regulates FANCD2 expression 

through mTORC1 is contingent on cell types. Interestingly, 

suppression of FANCD2 expression by mTOR inhibition deactivates 

DNA damage sensors ATM and ATR kinases [69]. �us, mTOR 

may mediate DDR through governing FANCD2 expression and 

subsequent activation of ATM-Chk2 and ATR-Chk1 pathways that 

otherwise have been suggested to activate the FA core complex 

and to facilitate FANCD2 translocation to nuclear foci [55,71] 

(Figure 2). �ese recent �ndings raise the prospect of using mTOR 

inhibitors, particularly dual mTORC1 and mTORC2 inhibitors, 

in combination with DNA damaging chemotherapy as a potential 

future approach for the treatment of cancers. Indeed, we show that 

dual mTORC1 and mTORC2 inhibitor pp242, AZD8055, or INK128, 

but not rapamycin, sensitizes T-ALL cells for Arac-, etoposide- 

or cisplatin-induced DNA damage and apoptosis. Accordingly, 

the combinatory treatment signi�cantly prolongs lifespan of 

T-ALL cell line- or patient cell-xenograted mice [53].

Conclusion and Prospective

While targeting mTOR is promising for cancer treatment, 

inhibition of mTORC1 by rapamycin or its analogues has limited 

clinical e�cacy. �e development of more potent dual mTORC1/

mTORC2 inhibitors represents a major advance in mTOR targeting. 

However, because dual mTORC1/mTORC2 inhibitors work by 

competing with ATP to bind to mTOR kinase domain, they may 

elicit o�-target e�ects on related kinases and thus not be as speci�c 

as rapamycin and its analogues [47]. Nonetheless, dual mTORC1/

mTORC2 inhibitors work well and are well tolerated in a xenogra� 

study of prostate cancer [72]. We have also shown that there is 

a therapeutic window that combined dual mTORC1/mTORC2 

inhibitor pp242 with AraCcan signi�cantly extend life span of mouse 

xenogra�s of T-ALL [53]. Nevertheless, any clinical bene�t of dual 

mTORC1/mTORC2 inhibitors needs to be weighed against their 

greater toxicity in comparison with rapamycin and its analogues.

mTOR plays a critical role in anti-cancer drug resistance. �e 

molecular mechanism of mTOR underlying drug resistance remains 

poorly studied. With that FANCD2 monoubiquitination and 

FANCD2 nuclear foci formation have been shown to be prognostic in 

drug resistance [60,61], we and others suggest that greater FANCD2 

transcript and protein levels may underlie mTOR-regulated drug 

resistance [53,69,70]. A correlation of mTOR-associated genes 

with FANCD2 gene expression has been demonstrated in alveolar 

rhabdomyosarcoma patients [70]. �us, FANCD2 transcript and 

protein contents could potentially serve as a predictive biomarker for 

responsiveness of drug-resistant cancer patients to mTOR inhibition. 

�at is to say, targeting mTOR-FANCD2 pathway by using dual 

mTORC1/mTORC2 inhibitors may represent a novel and selective 

sensitizing strategy to combat drug resistance of cancer patients 

to other anticancer agents, particularly DNA damaging agents.

�e identi�cation of FANCD2 as a biomarker of mTOR targeting 

responsiveness is apparently bene�cial for patient strati�cation and 

eventual clinical success of mTOR inhibition. However, it should be 

realized that mTOR-FANCD2 signing node also exists in normal cells 

[68]. �us, targeting this pathway may yield severe side e�ects, for 

instance, bone marrow failure that is seen in FA patients harboring 

mutation or de�ciency in the FA pathway [32]. Of note, in the 

context of mTOR signaling, FANCD2 expression is di�erentially 

regulated by NF-κB in normal cells versus cancer cells. In normal 

cells (e.g. mouse hematopoietic stem and progenitor cells, human B 

lymphoblasts, mouse embryonic �broblasts), we show that mTOR 

inhibition leads to an increased NF-κB activation, which in turn 

suppresses FANCD2 expression [68], whereas in cancer cells (e.g. 

T-ALL), mTOR inhibition leads to a decreased NF-κB activation 

and FANCD2 expression [53] (our unpublished data). �erefore, if 

severe side e�ects arise, we might adopt a salvage protocol by further 

addition of NF-κB inhibitor to alleviate cytotoxicity in normal cells.
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