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Abstract 

 

Mechanistic target for rapamycin (mTOR) is a serine/threonine protein kinase that forms two distinct 

complexes mTORC1 and mTORC2, integrating mitogen and nutrient signals to regulate cell survival 

and proliferation; processes which are commonly deregulated in human cancers. mTORC1 and 

mTORC2 have divergent molecular associations and cellular functions: mTORC1 regulates in mRNA 

translation and protein synthesis, while mTORC2 is involved in the regulation of cellular survival and 

metabolism. Through AKT phosphorylation/activation, mTORC2 has also been reported to regulate cell 

migration. Recent attention has focused on the aberrant activation of the PI3K/mTOR pathway in B cell 

malignancies and there is growing evidence for its involvement in disease pathogenesis, due to its 

location downstream of other established novel drug targets that intercept B cell receptor (BCR) signals. 

Shared pharmacological features of BCR signal inhibitors include a striking “lymphocyte redistribution” 

effect whereby patients experience a sharp increase in lymphocyte count on initiation of therapy 

followed by a steady decline. Chronic lymphocytic leukemia (CLL) serves as a paradigm for migration 

studies as lymphocytes are among the most widely travelled cells in the body, a product of their role in 

immunological surveillance. The subversion of normal lymphocyte movement in CLL is being 

elucidated; this review aims to describe the migration impairment which occurs as part of the wider 

context of cancer cell migration defects, with a focus on the role of mTOR in mediating migration effects 

downstream of BCR ligation and other microenvironmental signals. 

 

 

 

Highlights 

 

 mTOR forms two distinct complexes mTORC1 and mTORC2, responsible for integrating 

mitogen and nutrient signals to regulate cell survival, proliferation and migration; processes 

which are commonly deregulated in human cancers.  

 In this review we summarize the role played by mTOR kinase in regulating migration, using 

chronic lymphocytic leukemia as a paradigm for migration studies. 

 BCR-signaling antagonists in combination with dual mTOR inhibitors may provide a novel 

therapeutic strategy for overcoming drug resistance in B cell malignancies. 

  



mTOR-mediated signaling 

Mechanistic target for rapamycin (mTOR) resides in two distinct signaling complexes mTORC1 and 

mTORC2, which integrate growth factor and nutrient signals to promote cell survival, growth and 

proliferation (1). mTORC1 contains RAPTOR, mLST8, PRAS40 and DEPTOR and mTORC2 contains 

RICTOR, mLST8, mSIN1 and DEPTOR (1-4). Originally defined in yeast (5, 6), the 250kDa protein 

kinase is both growth factor- and nutrient-sensitive with respect to mTORC1 however the “rapamycin-

insensitive” mTORC2 responds only to growth factor signals and its existence explains the evident 

mTOR activity upon treatment with rapamycin (7). Positioned downstream of the phosphatidylinositol-3-

kinase (PI3K)-mediated signaling, mTOR integrates signals from binding of chemokine receptors, such 

as CXCR4 and CXCR5, and BCR-mediated signals in addition to the more frequently reported 

metabolic and growth factor responses ((8) & Figure 1). The tuberous sclerosis (TSC1-TSC2) protein 

complex acts as an intermediary between the PI3K/AKT and mTOR signal, and its phosphorylation by 

AKT causes disassociation of the complex from GTPase Rheb which permits mTOR activation (9). 

Alternatively, in conditions of oxidative stress, hypoxia or starvation, mTOR may be inhibited by TSC1/2, 

activated by the conversion of Rheb-GTP to Rheb-GDP by 5’adenosine monophosphate-activated 

protein kinase (AMPK). While mTORC1 phosphorylates p70S6kinase (S6K) and eukaryotic initiation 

factor 4E-binding protein 1 (4EBP1) to increase protein synthesis, mTORC2 directly phosphorylates 

AktS473, enhancing its kinase activity 5 – 10 fold to promote cell survival and initiate cell cycle (10, 11). 

Through AKT regulation, mTORC2 is considered to play a role in migration, however the precise 

molecular mechanisms have yet to be elucidated (11, 12). 

 

The activation of mTORC1 may be further regulated by localization of the complex; mTOR is largely 

cytoplasmic but can associate with cellular organelle membranes, affecting its ability to phosphorylate 

S6K1. The functions of mTORC1 involve regulation of cellular proliferation, cell size, ribosomal 

biogenesis and angiogenesis by phosphorylation of S6K1 and 4E-BP1, which are directly responsible 

for mRNA translation (13). After mTORC1 activation, S6K1 triggers protein synthesis by 

phosphorylating PDCD4, marking it for degradation with secondary effects of binding and preventing 

elF4A helicase from fulfilling its function in mRNA unwinding. S6K1 can also function to dampen 

signaling via PI3K by inhibition of insulin receptor substrate 1 (IRS1) and 2 (IRS2) expression, providing 

a negative feedback loop within the mTORC1 side of the complex, thus explaining the non-aggressive 

nature of the hamartomatous tuberous sclerosis syndrome, a product of mutations in tsc1/2 (14). Upon 

phosphorylation by mTORC1, 4E-BP1 is released from inhibiting the elongation initiation factor 4E 

(eIF4E).  

 

mTORC2 plays a major role in signaling via the PI3K/AKT pathway, through phosphorylation and 

activation of AKT making it of interest as a therapeutic target in blocking the AKT signal, as mTORC2 

has been demonstrated to be necessary for the development of activated PI3K signaling in tumors (15). 

Of note, an inhibitory feedback loop exists between mTORC1 and mTORC2, enabling an upregulation 

in AKT signaling with the removal of the mTORC1 signal, suggesting a complex regulatory role for 

mTOR in AKT-dependent malignancies (16, 17). 

 



mTOR regulation of migration 

To delineate the relative contribution of mTOR complexes to the cellular migration process we still refer 

to evidence from studies utilizing rapamycin. The regulation of migration by inhibition of S6K1 and 

4EBP1 has been shown in a variety of cell types, by the administration of rapamycin, to delineate the 

mechanisms by which control is exerted, including formation of the F-actin cytoskeleton, extracellular 

matrix remodeling (e.g. MMP9) focal adhesion formation, and Rho GTPase activation all regulated via 

S6K1 (18-20). Furthermore, there is evidence derived from inhibitor studies that support both mTORC1 

and mTORC2 as regulators of cell adhesion (21). Extracellular matrix changes and GTPase activity are 

also regulated by 4EBP1 with evidence that it regulates VEGF/TGF levels in a rapamycin-sensitive 

manner in mouse models of solid organ tumors and metastasis (22). Rapamycin appears to exert its 

effect downstream of S6K1 and 4EBP1 via regulation of small GTPase RhoA activation (23).  In 

contrast, mTORC2 mainly modulates the actin cytoskeleton to regulate migration (24, 25). Downstream 

effectors appear to be species and cell-type specific. PKA and Ras signaling pathways appear to be 

pivotal in amoebae (26), while, in mammals PKC, PKA signaling and Rac/RhoA are the main regulators 

of mTORC2-mediated migration (27). Studies using amoebae demonstrate that TORC2 exerts its 

influence via AKT and PKA regulation of adenylyl cyclase –based production of cyclic AMP (28). In 

mammalian systems, it appears that mTORC2 regulates neutrophil chemotaxis by regulation of F-actin 

polarization and myosin II phosphorylation, again regulated by cAMP production but via PKC in a 

RhoA/ROCK dependent fashion (29). There are also putative mTORC2-independent effects of RICTOR 

on migration that have yet to be fully explored (30).  

 

It is hypothesized that mTORC1/2 inhibitors would also have effects on cytoskeletal formation with 

downstream effects of cAMP production mediated by PKC and GTPases and this is supported by 

studies from a variety of model organisms and cell types. Indeed, the first description of the RICTOR 

homologue pianissimo in Dictyostelium discoidieum is as a regulator of chemokine and GTPase signals. 

In the described piaA knock-out model, cells are unresponsive to chemokine stimulation or GTPS 

activation, defects that are restored with constitutive activation of piaA (31). Cytoskeletal regulation was 

attributed to TORC2 in Saccharomyces cerevisiae and amoebae through regulation of the Rho GTPase 

family and downstream mediators including pkc1 (32). In mammalian systems, a link between RICTOR 

and PKCwas established first (25) followed by a link between mTORC2 and RhoA family in regulation 

of neutrophil chemotaxis via mechanisms which are independent of actin cytoskeletal reorganization 

(33). It appears that Rac/cdc42 GTPases are responsible for actin cytoskeleton formation and these 

effects are driven by RICTOR-mediated inhibition of Rho-GDP dissociation inhibitor 2 (29, 34). 

 

CLL and migration 

Cancer cell rehoming and the mechanisms by which it is governed are central to tumor spread and 

clonal expansion (35). The processes of cytoskeletal protein assembly, actin remodeling and integrin 

formation are amongst a range of individual events that precede cellular migration and are tightly 

regulated by chemokine and adhesion molecule interactions. In normal lymphocyte migration, selectin 

and integrin binding of lymphocytes at the vascular endothelium initiates lymphocyte rolling, arrest and 

firm adhesion. Subsequent transendothelial migration is triggered by integrin activation and chemokine 



receptor/ ligand binding as the lymphocyte is exposed to local chemokine release from the vascular 

lumen (36). B cell positioning within the lymph node (LN) germinal center is determined by chemokine 

surface receptor expression of CXCR4 and CXCR5 and secretion of ligands CXCL12, CXCL13 and 

CCL19/CCL21 by the LN stromal cells. B cells migrate along chemokine gradients to the appropriate 

microanatomical site where they mature through phases of somatic hypermutation and clonal selection 

on the basis of antigen affinity (35).  

 

In CLL, the pathophysiological process hijacks the innate properties of normal B cells not only to retain 

the function of recognized surface markers which interact with chemokines to regulate migration such 

as CXCR4 – CXCL12 and CXCR5 – CXCL13, but also to utilize the enhanced expression of these 

markers, facilitating increased migration to the secondary lymphoid organs.  Understanding the 

regulation of these events offers potential candidates for in vitro study of oncogenic signaling: molecules 

of interest in CLL can be broadly categorized as chemokine receptors, adhesion molecules and other 

transmembrane signaling molecules. CXCR4 surface molecule function is preserved in CLL cells with 

high expression of CXCR4 on CLL cells in peripheral blood and downregulated expression after 

migration underneath a stromal cell layer (37). Also, CXCR5 surface expression is found to be present 

and functional on CLL cells (38). The molecule CD49d, which is the 4 component of the 41 integrin 

complex, has been implicated in CLL cell migration for some time (39) and its expression has been 

found to co-segregate with prognostic entities that have a tendency for increased migration (40, 41). 

Interestingly, those cells carrying trisomy 12 in association with the poor prognostic marker NOTCH1 

mutation display further upregulation of integrin signaling by way of increased 2 signaling (40). The 

surface marker CD38 is established as a marker of negative prognostic significance and this could be in 

part due to increased BCR signaling and tendency for cellular migration to the LN (42). CD44 interaction 

with its extracellular matrix ligand hyaluronan (HA) plays a role in cell positioning within the secondary 

lymphoid organs to receive pro-survival signals, which have been implicated in cell activation, migration 

and tissue retention of CLL cells. Properties of the CLL microenvironment including the presence of 

CCL21 secretion and the strength of CD40-CD40L interactions with T cells determine the balance of the 

equilibrium of CD44-HA binding; CCL21 induces motility whereas CD40L stimulation shifts the balance 

towards tissue retention of CLL cells (43). The surface receptor CD62L is implicated in homing of CLL 

cells and is upregulated in cells localized to LN and BM tissue (44). A similar pattern of increased 

expression of MMP9 on cells localized to the LN and BM formed the basis of studies of MMP9 in CLL 

migration and invasion. In vitro modeling of migration demonstrated an upregulation in MMP9 with 

increased migration under regulation by 41 integrin and PI3K/AKT signaling (45). 

 

GTPases are also dysregulated in CLL cell migration, elucidated by two studies with a specific focus on 

the role of Rap1 GTPase. Chemokine-induced transendothelial migration has been shown to be 

defective in CLL and pathological B cells lose their chemokine-responsiveness in the disease. GTP-

loading of Rap1 fails due to impaired endosomal recycling to the plasma membrane and this has been 

attributed to defective activation of phospholipase D1 and Arf1, its regulator (46). Additionally, 

chemokine-induced activation of integrin clustering fails due to an inability of polar clustering of L2 

integrin which is Rap1- induced. Binding of 41, VEGF and chemokine are all needed for L2 



activation, as a result of failure to GTP-load Rap1 in CLL cells (47).  

 

More recent studies of cellular migration have described surface changes in chemokine receptor profile 

and have derived an emigrant lymphocyte phenotype (CXCR4dim/CD5hi) (48). Proliferation studies have 

established a 2-compartment model of CLL with those cells in the peripheral blood demonstrating a low 

proliferation rate and those with a higher birth rate being derived from the secondary lymphoid tissue. 

Cells traffic between compartments and display distinct surface immunophenotype along with gene 

expression profile (49). Studies that demonstrate the immunophenotypic differences employed 

deuterium labeling of resting and proliferative fractions of CLL cells (50) whereas later work examined 

paired fine needle aspirates and peripheral blood CLL samples and used functional assays to 

demonstrate phenotypic differences. An in vitro circulation system of migration was utilized to lend 

further support to the proposed model of migration in which the CLL microenvironment exerts a 

phenotype upon cells according to their positioning (48). 

 

BCR signal transduction and migration 

Further evidence for migratory effects as part of the neoplastic process can be derived from recent 

advances in CLL therapy and the function of inhibitors which act downstream of the BCR signaling 

cascade. It has long been understood that the ability of B cells to respond to antigenic binding of BCR 

molecules is retained in CLL but the reliance on differential methods of activation of signaling 

downstream of the BCR varies by B cell malignancy. Both antigen-dependent and autonomous BCR 

signaling are at play in CLL and recruit similar downstream effectors in signal mediation. Antigen 

binding of the BCR molecule, through the surface immunoglobulin (sIg) leads to Ig/(CD79a/b) 

phosphorylation of tyrosine residues on immune-receptor tyrosine-based activation motifs (ITAMs) by 

Src-family kinases, such as LYN, FYN or BLK. Binding of tandem Src homology 2 (SH2) domains within 

the spleen tyrosine kinase (SYK) molecule, a non-receptor tyrosine kinase, allows further propagation of 

the signal by recruitment of BLNK to the phosphorylated tyrosine residues. BLNK, the B cell linker 

protein also known as SLP-65, acts as a substrate for SYK to recruit proteins such as the enzyme 

phospholipase C gamma 2 (PLC2) and TEC family kinase Bruton’s tyrosine kinase (BTK) to the 

signaling complex (Figure 1). Active PI3K generates phosphatidylinositol (3,4,5) triphosphate (PIP3) to 

enable membrane recruitment of oncogenic serine/threonine kinase AKT, BTK and PLC2 and permit 

signal transduction to the nucleus. The PI3K family of enzymes comprises three classes, regulating cell 

growth, differentiation and survival. Class IA PI3K are dysregulated in human disease, including the 

isoform PI3K whose expression is restricted to hematopoietic cells and implicated in the pathogenesis 

of B cell malignancies (51).  

The impact of BCR signaling inhibitors on CLL migration 

Ibrutinib, fostamatinib and idelalisib, which target BTK, SYK and PI3K respectively, all affect CLL cell 

migration mediated by tissue-specific expression of chemokines and ligands; modulating processes of 

cellular adhesion, transendothelial migration and tissue retention via effects on integrins and adhesion 

molecules (52-54). These inhibitors, as well as targeting BCR-mediated signals, also have effects on 

microenvironmental signaling outwith the BCR signaling pathway. Paracrine secretion of chemokines 



CCL3 and CCL4 by CLL cells is blocked, reducing support from monocyte-derived nurse-like cells and 

accessory T cells (52, 53). Pre-clinical studies of BCR signaling inhibitors detail a striking lymphocytosis 

effect with individual therapies in terms of plasma chemokine levels and surface receptor expression. 

Using primary CLL samples De Rooij et al. demonstrated a reduction in signaling via CXCL12, CXCL13 

and CCL19 upon ibrutinib treatment, with a reduction in adhesion and migration of CLL cells (54). In 

parallel studies of ibrutinib, Ponader et al. identified a reduction in migration toward CXCL12 and 

CXCL13, which inhibited CCL3 and CCL4 secretion. Targeting of SYK with fostamatinib also displayed 

an inhibitory effect on CCL3 and CCL4 secretion in primary disease samples, with a reduction in homing 

towards CXCL12 and CXCL13 and a reduction in CLL cell adhesion to VCAM-1 (53, 55). Our group 

investigated the effects of LYN kinase inhibition with dasatinib revealing inhibitory effects on the 

CXCR4-CXCL12 signaling axis in CLL samples in vitro (56). PI3K inhibition with idelalisib revealed a 

downregulation of chemokine levels in vitro, a finding that was corroborated by data from patients 

treated with the drug during clinical trial. Chemokine levels in patient plasma samples exhibited a 

reduction in secretion of CCL3, CCL4 and CXCL13 and a concomitant surge in the lymphocyte count in 

the peripheral blood (52). 

 

The TCL-1-transgenic mouse model develops a leukemia analogous to poor prognostic CLL, due to the 

overexpression of the oncogene T cell leukemia/lymphoma 1 (TCL-1) in B lineage cells (57), and has 

been used to delineate the molecular mechanisms that govern CLL cell migration. Pre-clinical data 

using ibrutinib and fostamatinib in these mice showed in vivo effects of an initial increase in 

lymphocytosis with therapy and a reduction in lymphadenopathy (58, 59). In studies with TCL-1 mice, 

dasatinib was found to have inhibitory effects on LYN substrate hematopoietic lineage cell-specific 

protein 1 (HS1) which has targeted effects on regulation of migration via cytoskeletal formation (60). 

Further work to elucidate the mechanisms of migration control reveal that the TCL-1 GTPase Rho 

knockout model displays a delayed disease onset, with a reduction in homing of cells to the BM, a 

reduction in interactions with CXCL12 and CXCL13 and a reduction in the polarization of 

phosphorylated focal adhesion kinase (FAK) with defective integrin function (61). 

 

Targeted inhibition of mTOR complexes 

mTOR kinase was discovered by virtue of research gaining an understanding of the pharmacological 

activity of rapamycin (62). Originally discovered in the soil of Easter Island and derived from 

Streptomyces Hygropicus, this macrolide was found to possess both immunosuppressive and anti-

neoplastic properties (63, 64). The two mTOR complexes are defined by their differential responses to 

rapamycin; mTORC1 binds rapamycin allosterically by its association with FKBP12 whereas mTORC2 

was first thought to be rapamycin-insensitive thus making mTORC1 the obvious choice as a drug 

development target. Thereafter, CCI-779 (temsirolimus) and RAD001 (everolimus) which have greater 

clinical tolerability than rapamycin, were developed for clinical use and have been trialed as therapies in 

both solid organ and hematological cancers with some efficacy (65-68). In CLL, everolimus elicited 

similar lymphocyte redistribution effects to that of PI3K and BTK inhibitors however overall clinical 

responses were not as promising (68), potentially due the existence of the negative feedback loop 

allowing preservation of AKT signaling in the absence of mTORC1 signal (16, 17).  



 

Dual mTOR inhibitors can be divided into two broad categories (Table 1). Firstly, there are small 

molecules that selectively inhibit both mTORC1 and mTORC2. First-in-class drug AZD8055 and its 

formulation for clinical use AZD2014 (Vistusertib) is an ATP-competitive inhibitor of mTOR, which 

selectively blocks phosphorylation of mTOR substrates (69). Dual mTOR inhibitors are ATP-competitive 

inhibitors and their superior clinical results and depth of mTORC1/2 inhibition was originally attributed to 

their ability to inhibit mTORC2 however some of their properties may a result of their ability to block 

rapamycin-resistant components of mTORC1. Upon inhibition of PRAS40 phosphorylation by dual 

mTOR inhibitors, this protein has enhanced binding of the RAPTOR/mTOR complex with resultant 

inhibition of the mTORC1/4EBP1 signal (70). Furthermore, there are differential effects upon cyclin D1 

and D3 by rapamycin and dual mTOR inhibitors, with a reduction in protein expression of these and an 

increase in p27 with dual mTOR inhibition (71). Pitfalls with these agents include the existence of 

alternative activating signals or negative feedback loops. Other types of dual mTOR inhibitor aim to 

overcome the potential deficiencies of specific inhibitors and inhibit PI3K signals as well as mTOR 

(Table 1); these have the advantage of inhibiting the three proto-oncogenic kinases PI3K, AKT and 

mTOR, closing some of the feedback loops. The pan PI3K/mTOR inhibitor SAR245409 (voxtalisib) was 

demonstrated to inhibit BCR-mediated adhesion to a similar extent as idelalisib, while the 

PI3Kinhibitor was less effective, supporting a key role for PI3K in regulating CLL adhesion. 

SAR245409 was also shown to partially reduce chemokine-mediated migration in CXCL12-transwell 

migration studies, with a modest but significant reduction in migration (72). The pan PI3K/mTOR 

inhibitor PF-04691502 exhibited significant inhibition of BCR- and CXCR4-mediated signaling, and 

potent reduction in migration towards CXCL12 in transwell assays (73). Furthermore, PF-04691502 

induced a lymphocytosis in TCL-1 mice, and blocked leukemia development in these mice, similar to 

that observed in TCL-1 mice treated with ibrutinib and fostamatinib (58, 59, 73). Therefore, pan 

PI3K/mTOR inhibitors have fared well in pre-clinical tests in CLL and clinical data is awaited. To 

augment the approach to mTOR inhibition further CC-115, a dual mTOR/DNA-PK inhibitor has shown 

promise in vitro inducing more robust caspase-dependent cell killing, and inhibition of proliferation and 

BCR-mediated signaling in comparison to specific mTOR inhibitor CC-214 and BTK inhibitor CC-292. 

CC-115 has progressed further to preliminary clinical testing, with promising early clinical results, with 

the majority of patients exhibiting decreased lymphadenopathy (74). 

 

Conclusion 

Cellular migration is appropriated by neoplastic processes and in CLL there are demonstrable changes 

in the cellular phenotype which determine cell localization. As a consequence of these changes, cells 

may be encouraged to proliferate with subsequent clonal expansion and evolution.  The molecular 

mechanisms that mediate the effects on migration are not fully understood however insights may be 

gained from knowledge of recent advances in CLL therapeutics. The pathway at the center of this 

review, mTOR signaling, is described and evidence is provided in support of mTOR inhibition as a 

means of controlling CLL cell migration. Theories as to the suboptimal clinical performance of mTORC1 

inhibition include the incomplete block of the pathway or the existence of negative feedback loops. 

There is a need for in vitro study of dual mTORC1/2 inhibition in CLL incorporating all emerging data on 



crosstalk between mTOR and other signaling pathways to optimize experimental design. Synergistic 

studies utilizing PI3K and BTK inhibitors alongside dual mTOR inhibitors may provide a basis for clinical 

trial designs in the use of combination therapy to overcome drug resistance. 

 

  



Acknowledgements 

 

This study was funded by grants from Medical Research Council UK (MRC) ‘Mechanism of Disease’ 

grant in collaboration with AstraZeneca (MR/K014854/1) and Bloodwise (15041). AH is supported by a 

KKLF Clinical training fellowship (KKL838). 

  



References 

1.  Guertin DA, Sabatini DM. Defining the role of mTOR in cancer. Cancer Cell. 2007;12(1):9-22. 
2.  Wang L, Harris TE, Roth RA, Lawrence JC, Jr. PRAS40 regulates mTORC1 kinase activity by 
functioning as a direct inhibitor of substrate binding. J Biol Chem. 2007;282(27):20036-44. 
3.  Oshiro N, Takahashi R, Yoshino K, Tanimura K, Nakashima A, Eguchi S, et al. The proline-rich 
Akt substrate of 40 kDa (PRAS40) is a physiological substrate of mammalian target of rapamycin 
complex 1. J Biol Chem. 2007;282(28):20329-39. 
4.  Pearce LR, Huang X, Boudeau J, Pawlowski R, Wullschleger S, Deak M, et al. Identification of 
Protor as a novel Rictor-binding component of mTOR complex-2. Biochem J. 2007;405(3):513-22. 
5.  Heitman J, Movva NR, Hall MN. Targets for cell cycle arrest by the immunosuppressant 
rapamycin in yeast. Science. 1991;253(5022):905-9. 
6.  Kunz J, Henriquez R, Schneider U, Deuter-Reinhard M, Movva NR, Hall MN. Target of 
rapamycin in yeast, TOR2, is an essential phosphatidylinositol kinase homolog required for G1 
progression. Cell. 1993;73(3):585-96. 
7.  Feng J, Park J, Cron P, Hess D, Hemmings BA. Identification of a PKB/Akt hydrophobic motif 
Ser-473 kinase as DNA-dependent protein kinase. J Biol Chem. 2004;279(39):41189-96. 
8.  Phillips RJ, Mestas J, Gharaee-Kermani M, Burdick MD, Sica A, Belperio JA, et al. Epidermal 
growth factor and hypoxia-induced expression of CXC chemokine receptor 4 on non-small cell lung 
cancer cells is regulated by the phosphatidylinositol 3-kinase/PTEN/AKT/mammalian target of 
rapamycin signaling pathway and activation of hypoxia inducible factor-1alpha. J Biol Chem. 
2005;280(23):22473-81. 
9.  Saucedo LJ, Gao X, Chiarelli DA, Li L, Pan D, Edgar BA. Rheb promotes cell growth as a 
component of the insulin/TOR signalling network. Nat Cell Biol. 2003;5(6):566-71. 
10.  Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation and regulation of Akt/PKB by 
the rictor-mTOR complex. Science. 2005;307(5712):1098-101. 
11.  Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, et al. SIN1/MIP1 maintains rictor-
mTOR complex integrity and regulates Akt phosphorylation and substrate specificity. Cell. 
2006;127(1):125-37. 
12.  Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell. 
2012;149(2):274-93. 
13.  Choo AY, Yoon SO, Kim SG, Roux PP, Blenis J. Rapamycin differentially inhibits S6Ks and 4E-
BP1 to mediate cell-type-specific repression of mRNA translation. Proc Natl Acad Sci U S A. 
2008;105(45):17414-9. 
14.  Henske EP, Jozwiak S, Kingswood JC, Sampson JR, Thiele EA. Tuberous sclerosis complex. 
Nat Rev Dis Primers. 2016;2:16035. 
15.  Guertin DA, Stevens DM, Saitoh M, Kinkel S, Crosby K, Sheen JH, et al. mTOR complex 2 is 
required for the development of prostate cancer induced by Pten loss in mice. Cancer Cell. 
2009;15(2):148-59. 
16.  Julien LA, Carriere A, Moreau J, Roux PP. mTORC1-activated S6K1 phosphorylates Rictor on 
threonine 1135 and regulates mTORC2 signaling. Mol Cell Biol. 2010;30(4):908-21. 
17.  Dibble CC, Asara JM, Manning BD. Characterization of Rictor phosphorylation sites reveals 
direct regulation of mTOR complex 2 by S6K1. Mol Cell Biol. 2009;29(21):5657-70. 
18.  Liu L, Chen L, Chung J, Huang S. Rapamycin inhibits F-actin reorganization and 
phosphorylation of focal adhesion proteins. Oncogene. 2008;27(37):4998-5010. 
19.  Fong S, Mounkes L, Liu Y, Maibaum M, Alonzo E, Desprez PY, et al. Functional identification of 
distinct sets of antitumor activities mediated by the FKBP gene family. Proc Natl Acad Sci U S A. 
2003;100(24):14253-8. 
20.  Parasuraman P, Mulligan P, Walker JA, Li B, Boukhali M, Haas W, et al. Interaction of p190A 
RhoGAP with eIF3A and Other Translation Preinitiation Factors Suggests a Role in Protein 
Biosynthesis. J Biol Chem. 2017;292(7):2679-89. 
21.  Chen L, Xu B, Liu L, Liu C, Luo Y, Chen X, et al. Both mTORC1 and mTORC2 are involved in 
the regulation of cell adhesion. Oncotarget. 2015;6(9):7136-50. 
22.  Guba M, von Breitenbuch P, Steinbauer M, Koehl G, Flegel S, Hornung M, et al. Rapamycin 
inhibits primary and metastatic tumor growth by antiangiogenesis: involvement of vascular endothelial 
growth factor. Nat Med. 2002;8(2):128-35. 
23.  Liu L, Luo Y, Chen L, Shen T, Xu B, Chen W, et al. Rapamycin inhibits cytoskeleton 
reorganization and cell motility by suppressing RhoA expression and activity. J Biol Chem. 
2010;285(49):38362-73. 
24.  Jacinto E, Loewith R, Schmidt A, Lin S, Ruegg MA, Hall A, et al. Mammalian TOR complex 2 
controls the actin cytoskeleton and is rapamycin insensitive. Nat Cell Biol. 2004;6(11):1122-8. 



25.  Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage H, et al. Rictor, a 
novel binding partner of mTOR, defines a rapamycin-insensitive and raptor-independent pathway that 
regulates the cytoskeleton. Curr Biol. 2004;14(14):1296-302. 
26.  Aubry L, Maeda M, Insall R, Devreotes PN, Firtel RA. The Dictyostelium mitogen-activated 
protein kinase ERK2 is regulated by Ras and cAMP-dependent protein kinase (PKA) and mediates PKA 
function. J Biol Chem. 1997;272(7):3883-6. 
27.  Leve F, de Souza W, Morgado-Diaz JA. A cross-link between protein kinase A and Rho-family 
GTPases signaling mediates cell-cell adhesion and actin cytoskeleton organization in epithelial cancer 
cells. J Pharmacol Exp Ther. 2008;327(3):777-88. 
28.  Scavello M, Petlick AR, Ramesh R, Thompson VF, Lotfi P, Charest PG. Protein kinase A 
regulates the Ras, Rap1 and TORC2 pathways in response to the chemoattractant cAMP in 
Dictyostelium. J Cell Sci. 2017;130(9):1545-58. 
29.  He Y, Li D, Cook SL, Yoon MS, Kapoor A, Rao CV, et al. Mammalian target of rapamycin and 
Rictor control neutrophil chemotaxis by regulating Rac/Cdc42 activity and the actin cytoskeleton. Mol 
Biol Cell. 2013;24(21):3369-80. 
30.  McDonald PC, Oloumi A, Mills J, Dobreva I, Maidan M, Gray V, et al. Rictor and integrin-linked 
kinase interact and regulate Akt phosphorylation and cancer cell survival. Cancer Res. 
2008;68(6):1618-24. 
31.  Chen MY, Long Y, Devreotes PN. A novel cytosolic regulator, Pianissimo, is required for 
chemoattractant receptor and G protein-mediated activation of the 12 transmembrane domain adenylyl 
cyclase in Dictyostelium. Genes Dev. 1997;11(23):3218-31. 
32.  Helliwell SB, Schmidt A, Ohya Y, Hall MN. The Rho1 effector Pkc1, but not Bni1, mediates 
signalling from Tor2 to the actin cytoskeleton. Curr Biol. 1998;8(22):1211-4. 
33.  Liu L, Das S, Losert W, Parent CA. mTORC2 regulates neutrophil chemotaxis in a cAMP- and 
RhoA-dependent fashion. Dev Cell. 2010;19(6):845-57. 
34.  Agarwal NK, Chen CH, Cho H, Boulbes DR, Spooner E, Sarbassov DD. Rictor regulates cell 
migration by suppressing RhoGDI2. Oncogene. 2013;32(20):2521-6. 
35.  Burger JA, Montserrat E. Coming full circle: 70 years of chronic lymphocytic leukemia cell 
redistribution, from glucocorticoids to inhibitors of B-cell receptor signaling. Blood. 2013;121(9):1501-9. 
36.  Butcher EC, Picker LJ. Lymphocyte homing and homeostasis. Science. 1996;272(5258):60-6. 
37.  Burger JA, Burger M, Kipps TJ. Chronic lymphocytic leukemia B cells express functional 
CXCR4 chemokine receptors that mediate spontaneous migration beneath bone marrow stromal cells. 
Blood. 1999;94(11):3658-67. 
38.  Burkle A, Niedermeier M, Schmitt-Graff A, Wierda WG, Keating MJ, Burger JA. Overexpression 
of the CXCR5 chemokine receptor, and its ligand, CXCL13 in B-cell chronic lymphocytic leukemia. 
Blood. 2007;110(9):3316-25. 
39.  Till KJ, Lin K, Zuzel M, Cawley JC. The chemokine receptor CCR7 and alpha4 integrin are 
important for migration of chronic lymphocytic leukemia cells into lymph nodes. Blood. 2002;99(8):2977-
84. 
40.  Riches JC, O'Donovan CJ, Kingdon SJ, McClanahan F, Clear AJ, Neuberg DS, et al. Trisomy 
12 chronic lymphocytic leukemia cells exhibit upregulation of integrin signaling that is modulated by 
NOTCH1 mutations. Blood. 2014;123(26):4101-10. 
41.  Calpe E, Codony C, Baptista MJ, Abrisqueta P, Carpio C, Purroy N, et al. ZAP-70 enhances 
migration of malignant B lymphocytes toward CCL21 by inducing CCR7 expression via IgM-ERK1/2 
activation. Blood. 2011;118(16):4401-10. 
42.  Malavasi F, Deaglio S, Damle R, Cutrona G, Ferrarini M, Chiorazzi N. CD38 and chronic 
lymphocytic leukemia: a decade later. Blood. 2011;118(13):3470-8. 
43.  Girbl T, Hinterseer E, Grossinger EM, Asslaber D, Oberascher K, Weiss L, et al. CD40-
mediated activation of chronic lymphocytic leukemia cells promotes their CD44-dependent adhesion to 
hyaluronan and restricts CCL21-induced motility. Cancer Res. 2013;73(2):561-70. 
44.  Burgess M, Gill D, Singhania R, Cheung C, Chambers L, Renyolds BA, et al. CD62L as a 
therapeutic target in chronic lymphocytic leukemia. Clinical Cancer Res. 2013;19(20):5675-85. 
45.  Redondo-Munoz J, Escobar-Diaz E, Samaniego R, Terol MJ, Garcia-Marco JA, Garcia-Pardo 
A. MMP-9 in B-cell chronic lymphocytic leukemia is up-regulated by alpha4beta1 integrin or CXCR4 
engagement via distinct signaling pathways, localizes to podosomes, and is involved in cell invasion 
and migration. Blood. 2006;108(9):3143-51. 
46. Pye DS, Rubio I, Pusch R, Lin K, Pettitt AR, Till KJ. Chemokine unresponsiveness of chronic 
lymphocytic leukemia cells results from impaired endosomal recycling of Rap1 and is associated with a 
distinctive type of immunological anergy. J Immunol. 2013;191(3):1496-504. 
47. Till KJ, Harris RJ, Linford A, Spiller DG, Zuzel M, Cawley JC. Cell motility in chronic lymphocytic 
leukemia: defective Rap1 and alphaLbeta2 activation by chemokine. Cancer Res. 2008;68(20):8429-36. 



48. Pasikowska M, Walsby E, Apollonio B, Cuthill K, Phillips E, Coulter E, et al. Phenotype and 
immune function of lymph node and peripheral blood CLL cells are linked to transendothelial migration. 
Blood. 2016;128(4):563-73. 
49. Herishanu Y, Perez-Galan P, Liu D, Biancotto A, Pittaluga S, Vire B, et al. The lymph node 
microenvironment promotes B-cell receptor signaling, NF-kappaB activation, and tumor proliferation in 
chronic lymphocytic leukemia. Blood. 2011;117(2):563-74. 
50. Calissano C, Damle RN, Hayes G, Murphy EJ, Hellerstein MK, Moreno C, et al. In vivo 
intraclonal and interclonal kinetic heterogeneity in B-cell chronic lymphocytic leukemia. Blood. 
2009;114(23):4832-42. 
51. Rickert RC. New insights into pre-BCR and BCR signalling with relevance to B cell 
malignancies. Nature reviews Immunology. 2013;13(8):578-91. 
52. Hoellenriegel J, Meadows SA, Sivina M, Wierda WG, Kantarjian H, Keating MJ, et al. The 
phosphoinositide 3'-kinase delta inhibitor, CAL-101, inhibits B-cell receptor signaling and chemokine 
networks in chronic lymphocytic leukemia. Blood. 2011;118(13):3603-12. 
53. Hoellenriegel J, Coffey GP, Sinha U, Pandey A, Sivina M, Ferrajoli A, et al. Selective, novel 
spleen tyrosine kinase (Syk) inhibitors suppress chronic lymphocytic leukemia B-cell activation and 
migration. Leukemia. 2012;26(7):1576-83. 
54. de Rooij MF, Kuil A, Geest CR, Eldering E, Chang BY, Buggy JJ, et al. The clinically active BTK 
inhibitor PCI-32765 targets B-cell receptor- and chemokine-controlled adhesion and migration in chronic 
lymphocytic leukemia. Blood. 2012;119(11):2590-4. 
55. Buchner M, Baer C, Prinz G, Dierks C, Burger M, Zenz T, et al. Spleen tyrosine kinase inhibition 
prevents chemokine- and integrin-mediated stromal protective effects in chronic lymphocytic leukemia. 
Blood. 2010;115(22):4497-506. 
56. McCaig AM, Cosimo E, Leach MT, Michie AM. Dasatinib inhibits CXCR4 signaling in chronic 
lymphocytic leukaemia cells and impairs migration towards CXCL12. PLoS One. 2012;7(11):e48929. 
57. Johnson AJ, Lucas DM, Muthusamy N, Smith LL, Edwards RB, De Lay MD, et al. 
Characterization of the TCL-1 transgenic mouse as a preclinical drug development tool for human 
chronic lymphocytic leukemia. Blood. 2006;108(4):1334-8. 
58. Ponader S, Chen SS, Buggy JJ, Balakrishnan K, Gandhi V, Wierda WG, et al. The Bruton 
tyrosine kinase inhibitor PCI-32765 thwarts chronic lymphocytic leukemia cell survival and tissue 
homing in vitro and in vivo. Blood. 2012;119(5):1182-9. 
59. Suljagic M, Longo PG, Bennardo S, Perlas E, Leone G, Laurenti L, et al. The Syk inhibitor 
fostamatinib disodium (R788) inhibits tumor growth in the Eμ- TCL1 transgenic mouse model of CLL by 
blocking antigen-dependent B-cell receptor signaling. Blood. 2010;116(23):4894-905. 
60. ten Hacken E, Scielzo C, Bertilaccio MT, Scarfò L, Apollonio B, Barbaglio F, et al. Targeting the 
LYN/HS1 signaling axis in chronic lymphocytic leukemia. Blood. 2013;121(12):2264-73. 
61. Troeger A, Johnson AJ, Wood J, Blum WG, Andritsos LA, Byrd JC, et al. RhoH is critical for 
cell-microenvironment interactions in chronic lymphocytic leukemia in mice and humans. Blood. 
2012;119(20):4708-18. 
62. Vezina C, Kudelski A, Sehgal SN. Rapamycin (AY-22,989), a new antifungal antibiotic. I. 
Taxonomy of the producing streptomycete and isolation of the active principle. J Antibiot (Tokyo). 
1975;28(10):721-6. 
63. Martel RR, Klicius J, Galet S. Inhibition of the immune response by rapamycin, a new antifungal 
antibiotic. Can J Physiol Pharmacol. 1977;55(1):48-51. 
64. Eng CP, Sehgal SN, Vezina C. Activity of rapamycin (AY-22,989) against transplanted tumors. 
J Antibiot (Tokyo). 1984;37(10):1231-7. 
65. Hudes G, Carducci M, Tomczak P, Dutcher J, Figlin R, Kapoor A, et al. Temsirolimus, interferon 
alfa, or both for advanced renal-cell carcinoma. The New England journal of medicine. 
2007;356(22):2271-81. 
66. Witzig TE, Geyer SM, Ghobrial I, Inwards DJ, Fonseca R, Kurtin P, et al. Phase II trial of single-
agent temsirolimus (CCI-779) for relapsed mantle cell lymphoma. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology. 2005;23(23):5347-56. 
67. Decker T, Sandherr M, Goetze K, Oelsner M, Ringshausen I, Peschel C. A pilot trial of the 
mTOR (mammalian target of rapamycin) inhibitor RAD001 in patients with advanced B-CLL. Annals of 
hematology. 2009;88(3):221-7. 
68. Zent CS, LaPlant BR, Johnston PB, Call TG, Habermann TM, Micallef IN, et al. The treatment 
of recurrent/refractory chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL) with everolimus 
results in clinical responses and mobilization of CLL cells into the circulation. Cancer. 
2010;116(9):2201-7. 



69. Chresta CM, Davies BR, Hickson I, Harding T, Cosulich S, Critchlow SE, et al. AZD8055 is a 
potent, selective, and orally bioavailable ATP-competitive mammalian target of rapamycin kinase 
inhibitor with in vitro and in vivo antitumor activity. Cancer Res. 2010;70(1):288-98. 
70. Mi W, Ye Q, Liu S, She QB. AKT inhibition overcomes rapamycin resistance by enhancing the 
repressive function of PRAS40 on mTORC1/4E-BP1 axis. Oncotarget. 2015;6(16):13962-77. 
71. Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao Y, et al. An ATP-competitive 
mammalian target of rapamycin inhibitor reveals rapamycin-resistant functions of mTORC1. J Biol 
Chem. 2009;284(12):8023-32. 
72. Thijssen R, Ter Burg J, van Bochove GG, de Rooij MF, Kuil A, Jansen MH, et al. The pan 
phosphoinositide 3-kinase/mammalian target of rapamycin inhibitor SAR245409 (voxtalisib/XL765) 
blocks survival, adhesion and proliferation of primary chronic lymphocytic leukemia cells. Leukemia. 
2016;30(9):1963. 
73. Blunt MD, Carter MJ, Larrayoz M, Smith LD, Aguilar-Hernandez M, Cox KL, et al. The 
PI3K/mTOR inhibitor PF-04691502 induces apoptosis and inhibits microenvironmental signaling in CLL 
and the Emicro-TCL1 mouse model. Blood. 2015;125(26):4032-41. 
74. Thijssen R, Ter Burg J, Garrick B, van Bochove GG, Brown JR, Fernandes SM, et al. Dual 
TORK/DNA-PK inhibition blocks critical signaling pathways in chronic lymphocytic leukemia. Blood. 
2016;128(4):574-83. 
 

  



 

 

Compound Target Phase Disease Reference 

AZD2014 

(Vistusertib) 

mTORC1/2 I-II AST, GBM, HCC, 

Lymphomas 

(69) 

MLN0128 

(TAK228) 

mTORC1/2 I-II Prostate, thyroid, 

breast, liver 

Hsieh et al., Nature 

(2012) 

OSI-027 mTORC1/2 I AST, Lymphomas Mateo et al., Br J 

Cancer, 2016 

CC-223 mTORC1/2 I-II NSCLC, NHL, 

MM 

Bendell et al., Cancer 

(2015) 

PF-04691502 PI3K-mTORC1/2 I-II Breast, 

Endometrial, AST 

(73) 

VS-5584 PI3K-mTORC1/2 I Metastatic cancer, 

lymphoma 

Hart et al., Mol Cancer 

Ther (2013) 

SAR245409 

(Voxtalisib) 

PI3K-mTORC1/2 I-II AST, GBM, 

Ovarian, Breast 

Awan et al. Br J Haem 

(2016) 

CC-115 mTORC1/2 & DNA-

PK 

I-II AST, GBM, AML (74) 

 

Table 1: Table of dual mTOR inhibitors in current clinical trials 

Key: AST = Advanced Solid Tumors, GBM = Glioblastoma Multiforme, HCC= Hepatocellular 

Carcinoma, AML = Acute Myeloid Leukemia, NSCLC= Non-Small Cell Lung Cancer, NHL = Non-

Hodgkin Lymphoma 

 

 

 

 

  



 

 

Figure 1: Diagram of B cell receptor signal transduction cascade and mTOR mediated 

components within normal B cells. The mTOR kinase complex is positioned downstream of the BCR 

and chemokine (CXCR4-CXCL12) receptors. The mTORC1 and dual mTORC1/2 inhibitors, rapamycin 

(Rapa) and AZD8055/AZD2014 respectively, are shown with their site of action within the mTOR 

cascade.  

 


