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Abstract
Resistance to cancer therapy continues to be a major limitation for the successful treatment of cancer. There are many published 
studies on therapy resistance in breast and prostate cancers; however, there are currently no data on molecular markers 
associated with resistance. The conflicting data were reported regarding the AKT/m-TOR signaling pathway components as 
markers predicting resistance. The AKT/m-TOR signaling pathway is involved in the development of many human cancers; its 
activation is related to cell proliferation, angiogenesis, apoptosis, as well as to therapy resistance. Molecular alterations in the 
AKT/m-TOR signaling pathway provide a platform to identify universal markers associated with the development of resistance 
to cancer therapy. 
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Introduction 

The PI3K/AKT/mTOR pathway is a well established driver 
of cancer in humans[�]. Phosphatidylinositide 3 kinases 
(PI3Ks), AKT and mTOR constitute the core components 
of the PI3K/A KT/mTOR signal ing cascade, which is 
important in regulating the cell cycle. Therefore, it is directly 
related to cellular quiescence, proliferation, apoptosis and 
cancer[2]. PI3K activation phosphorylates and activates AKT, 
localizing it in the plasma membrane. AKT phosphorylation 
is regulated by PDK� (pyruvate dehydrogenase kinase) and 
mTORC2 complex. Currently it is known that mTORC2 
consists of m-TOR, GβL, rictor (rapamycin-insensitive 
companion of TOR), mSin� [mammalian stress-activated 
protein kinase (SAPK)-interacting protein �] and protor 

(protein observed with rictor)[3].
Proteins participating in cell growth, proliferation and 

apoptosis are the A KT substrates. A mong them, there 
are c-R AF (serine/threonine-protein kinase) and GSK-3-
beta (glycogen synthase kinase-3-beta)[4]. AKT indirectly 
activates the mTORC� complex, which consists of m-TOR, 
raptor (regulatory-associated protein of TOR), mLST8 
(mammalian lethal with Sec�3 protein 8), or GβL, and 
PR A S4 0 (prol ine-r ich PK B/A KT substrate 4 0 k Da). 
The mTOR protein forms at least t wo dist inct multi-
protein complexes, complex � (mTORC�) and complex 
2 (mTORC2)[5]. The activated mTORC� phosphorylates 
downstream effectors, including serine/threonine kinase 
p70S6K� (S6K�) and 4EBP�[2,6]. The targets of S6K� include 
ribosomal proteins and elongation factors. The 4EBP� 
inhibits the initiation of protein translation.

T h e  n e g a t i v e  f e e d b a c k  f r o m  t h e  P T E N  t u m o r 
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suppressor phosphatase remains the most important factor 
regulating AKT activity[7]. PTEN specifically catalyses the 
dephosphorylation of the 3’ phosphate of the inositol ring 
in PIP3, resulting in the biphosphate product PIP2. This 
dephosphor ylat ion is impor tant because it results in 
inhibition of the AKT signaling pathway. PH domain and 
Leucine rich repeat Protein Phosphatase (PHLPP) is also 
a PTEN substrate. PHLPP dephosphorylates Ser-473 (the 
hydrophobic motif) in AKT, thus partially inactivating the 
kinase. PHLPP may act as a tumor suppressor in several 
types of cancer due to its ability to block growth factor-
induced signaling in cancer cells[8].

The AKT-mTOR pathway is necessary to promote growth 
and proliferation over differentiation of adult cells and to 
inhibit apoptosis. This pathway is frequently hyperactivated 
in cancer cells and may also inf luence disease course and 
outcomes. It is known that 35% of breast cancer patients 
have a PI3K mutation. This genetic alteration is also present 
in 50%-70% of patients with non-small cell lung carcinoma, 
renal cell carcinoma, prostate cancer, colorectal cancer and 
etc. That is frequently associated with the loss of PTEN 
tumor suppressor[9,�0]. The modified expression of AKT/
m-TOR signaling pathway components can inf luence the 
development of resistance to cancer therapies, which in turn 
results in poor prognosis. 

Resistance to cancer therapy and AKT/m-TOR signaling 
cascade

The development of resistance to cancer agents is the major 
reason for fai lure in cancer therapy. Clinical ly, cancer 
resistance can arise prior to or as a result of cancer therapy. 
There is evidence that “primary” or “de novo” resistance is a 
genetically determined event. Moreover, nearly all patients 
having initial tumor response inevitably become refractory 
to the therapy (“secondary” or “acquired” resistance). There 
are many published studies on resistance to endocrine 
therapy for breast and prostate cancers. Most patients with 
breast cancer are known to have hormone receptor-positive 
(HR+) tumors. HR+ breast cancers generally have a favorable 
prognosis[��]. However, despite advances in the treatment 
of HR+ tumors, approximately 30% of these patients will 
eventually experience relapse with metastatic disease[�2]. 
Therapy with androgen deprivation therapy (ADT) benefits 
over 80% of patients with locally advanced prostate cancer, 
but the remaining patients ultimately develop progressive 
disease resulting in castrate-resistant prostate cancer[�3,�4]. 

Intrinsic or acquired resistance is a major limitation of 
targeted cancer therapies. Targeted therapy for metastatic 
renal cell carcinoma was found to increase the time to 
progression from 5 to �2 months and the overall survival 

from �2 to 24 months, with the objective response rate 
of 40%[9,�5-�8]. However, the response rate in patients with 
metastatic renal cell carcinoma, who did not receive targeted 
therapy, was approximately 5%. Despite the generally good 
prognosis of thyroid carcinoma, about 5%-�5% of patients 
will develop metastatic disease which fails to respond to 
radioactive iodine, exhibiting a more aggressive behavior. 

Di f ferent approaches used to discover markers for 
predicting cancer drug resistance are being currently 
developed. T he A KT/m-TOR sig na l i ng pat hway is a 
promising therapeutic target that has been well established 
to play a very signif icant role in tumor cell growth and 
proliferation[�9,20]. 

The AKT/m-TOR pathway activity is associated with 
resistance to cancer therapy. Changes in the AKT/m-TOR 
pathway activity can result in the development of castrate-
resistant prostate cancer[2�]. Ineffective ADT for prostate 
cancer is associated with decreased activity of the AKT/
m-TOR pathway. The switch of AKT/m-TOR cascade on 
M APK and JAK/STAT signaling pathways is pivotal in 
prostate cancer prognosis[22]. The application of novel AKT 
inhibitors offers the potential of blocking castrate-resistant 
prostate cancer cell growth and survival[23]. The biological 
behavior of cancer is involved in the development of primary 
and acquired resistance to targeted therapy in k idney 
cancer patients[24]. One third of these patients are inherently 
resistant to the targeted agents[25]. Hyperactivation of AKT/
m-TOR signaling pathway is observed in kidney cancer 
patients who failed to respond to tyrosine kinase inhibitors. 
There is evidence that the AKT/m-TOR signaling pathway 
components may be perspective markers predicting the 
development of resistance to targeted therapy. The VEGF, 
HIF, AKT and m-TOR are known to be potential markers 
for predicting resistance to cancer therapy; however their 
significance is still unclear[26]. The HIF-�, VEGF or TORC2 
overexpression in a case of m-TOR inhibition leads to 
increase in PI3K and AKT activities[27,28].

T he PI 3K ha s been a ssoc iated w it h resi st a nce to 
endocrine therapy, human epidermal growth factor receptor 
2 (H ER 2)-directed therapy and c y totox ic therapy in 
breast cancer[29]. PI3K has independently been implicated 
in trastuzumab resistance. Multiple inhibitors of the AKT/
m-TOR pathway are in preclinical development or are 
already in clinical trials. There are promising data indicating 
that rapalogs or inhibitors of PI3K/AKT are active in breast 
cancers[30].

T h e  c o m b i n a t i o n  o f  d u a l  P I 3 K /A K T/m -T O R  
inhibitors (BEZ2 35 or PI�03) w it h rad iot herapy i s a 
promising modality for the treatment of castrate-resistant 
prostate cancer to overcome radioresistance[3�]. A crucial role 
for angiogenesis inhibitors in shifting the fate of radiation-
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induced HIF-�alpha activity from hypoxia-induced tumor 
radioresistance to hypoxia-induced tumor apoptosis was 
found[32]. Current data highlight the potential role of AKT/
m-TOR signaling in thyroid carcinoma progression[33]. The 
m-TOR signaling complex was also found to be associated 
with activated A KT and 4E-BP� in thyroid cancers[34]. 
Studies of Lin et al. indicated the PI3-kinase activation by 
thyroid hormones[33,35]. A prominent role of PI3K and HIF-� 
signaling in metastatic papillary and follicular thyroid cancer 
was established[33,36,37].  Moreover, the activation of AKT/
m-TOR signaling pathway was correlated with poor response 
to chemotherapy with cisplatin[20,2�,38]. 

Conclusion

Thus, there are numerous data on the relationship between 
the response to cancer therapy and activation of the AKT/
m-TOR signaling pathway. In fact, the role of molecular 
mechanisms in the development of resistance to cancer 
therapy remains unclear. I n conclusion, it shou ld be 
noted that the study of A KT/m-TOR signaling cascade 
is a potential platform for identifying effective markers 
associated with the development of resistance to cancer 
therapy. This statement is related to the universality of 
AKT/m-TOR signaling pathway playing a significant role 
in cell proliferation and apoptosis. The modified activity of 
AKT/m-TOR signaling pathway underlies the molecular 
mechanism of cancer development and implicates in the 
resistance to cancer therapy. 

Conflict of interest statement

Authors declare that they have no conflict of interest

References

� Robbi ns H L , Hag ue A . T he PI3K /A kt pat hway i n t u mors of 
endocrine tissues. Front Endocrinol (Lausanne), 20�6, Jan ��, 6: �88. 
doi: �0.3389/fendo.20�5.00�88. eCollection 20�5.2 D o d d 
KM, Yang J, Shen MH,  et al. mTORC� drives HIF-�α and VEGF-A 
sig na l l ing v ia mu lt iple mechanisms involv ing 4E -BP�, S6K� 
and STAT3. Oncogene, 20�5, 34(�7): 2239-2250. doi: �0.�038/
onc.20�4.�64

3 Hager M, Haufe H, Alinger B, et al. pS6 expression in normal renal 
parenchyma, primary renal cell carcinomas and their metastases. 
Pathol Oncol Res, 20�2, �8(2): 277-283. doi: �0.�007/s�2253-0��-
9439-y

4 Thangavelu K, Pan CQ , Karlberg T, et al.  Structural basis for the 
allosteric inhibitory mechanism of human kidney-type glutaminase 
(KGA) and its regulation by Raf-Mek-Erk signaling in cancer cell 
metabolism. Proc Natl Acad Sci U S A, 20�2, �09(20): 7705-77�0. 
doi: �0.�073/pnas.���6573�09

5 Figlin RA, Kaufmann I, Brechbiel J. Targeting PI3K and mTORC2 

in metastatic renal cell carcinoma: New strategies for vercoming 
resistance to VEGFR and mTORC� inhibitors. Int J Cancer, 20�3, 
�33(4): 788-796. doi: �0.�002/ijc.28023

6 Mendoza MC, Er EE, Blenis J. The R as-ER K and PI3K-mTOR 
pathways: cross-talk and compensation. Trends Biochem Sci, 20��, 
36: 320-328. doi: �0.�0�6/j.tibs.20��.03.006

7 Darwish OM, Kapur P, Youssef R F, et al.  Cumulative number of 
altered biomarkers in mammalian target of rapamycin pathway 
is an independent predictor of outcome in patients with clear cell 
renal cell carcinoma. Urology, 20�3, 8�(3): 58�-586. doi: �0.�0�6/
j.urology.20�2.��.030

8 Nishikawa M, Miyake H, Harada K, et al. Expression of molecular 
markers associated with the mammalian target of rapamycin pathway 
in nonmetastatic renal cell carcinoma: Effect on prognostic outcomes 
following radical nephrectomy. Urol Oncol, 20�4, 32(�): �5-2�. doi: 
�0.�0�6/j.urolonc.20�3.07.0�4

9 Spirina LV, Usynin EA, Kondakova IV, et al. Effect of target therapy 
on the content of transcription and growth factors, protein kinase 
TOR , and act iv it y of intracel lu lar proteases in pat ients w ith 
metastatic renal cell carcinoma. Bull Exp Biol Med, 20�6, 60(6): 
798-80�. doi: �0.�007/s�05�7-0�6-33�3-6

�0 Gao T, Furnari F, Newton AC. PHLPP: a phosphatase that directly 
dephosphor ylates A k t , promotes apoptosis , a nd suppresses 
t u mor g row t h . Mol Cel l ,  2 0 05, �8(�): �3 -2 4. doi: �0.�0�6/
j.molcel.2005.03.008

�� LoRusso PM. Inhibition of the PI3K/A KT/mTOR pathway in 
solid tumors. J Clin Oncol, 20�6, 34(3�): 3803-38�5. doi: �0.�200/
JCO.20�4.59.00�8

�2 Sihto H, Lundin J, Lundin M, et al. Breast cancer biological subtypes 
and protein expression predict for the preferential distant metastasis 
sites: a nationwide cohort study. Breast Cancer Res, 20��, �3(5): R87. 
doi: �0.��86/bcr2944

�3 R ing A E, Smith I E, A shley S, et al . Oestrogen receptor status, 
pathological complete response and prognosis in patients receiving 
neoadjuvant chemotherapy for early breast cancer. Br J Cancer, 2004, 
9�(�2): 20�2-20�7.

�4 A m iy a Y, Ya mad a Y, Sug iu ra M , e t a l .  Treat ment of loc a l ly 
advanced prostate cancer (Stage T3). Jpn J Clin Oncol, 20�7, 47(3): 
257-26�. doi: �0.�093/jjco/hyw�86

�5 Markova AS, Polikarpova SB, Kamolov BS, et al. Predictors of overall 
survival in patients with metastatic castration-resistant prostate 
cancer. Cancer Urol, 20�5, ��(2): 77-84. (In Russ.) doi: �0.�7650/�7
26-9776-20�5-��-2-77-84

�6 Heng DY, X ie W, R ega n M M, et al .  E x ter na l va l idat ion a nd 
comparison with other models of the International Metastatic 
Renal-Cell Carcinoma Database Consortium prognostic model: a 
population based study. Lancet Oncol, 20�3, �4(2): �4�-�48. doi: 
�0.�0�6/S�470-2045(�2)70559-4

�7 Alekseev BY, Nyushko K M, Kalpinsky AS. Neoadjuvant targeted 
therapy in patients with renal cell carcinoma. Cancer Urol, 20�5, 
��(2): 23-33. doi: �0.�7650/�726-9776-20�5-��-2-23-33 

�8 Spirina LV, Usynin YA, Kondakova I V, et al . The A KT-mTOR 
signalling pathway in kidney cancer tissues. AIP Conf Proc, 20�5, 
�688: 080004-�-5

�9 Spi r i na LV, Us y n i n YA , Yu r ma z ov Z A , e t a l .   Tra n sc r ipt ion 
factors NF-kB, HIF-�, HIF-2, growth factor VEGF, VEGFR2 and 

 中国肺癌杂志 
www.lungca.org 



中国肺癌杂志 2 0 � 8 年 � 月第 2 � 卷第 � 期 Chin J  Lung Cancer,  Januar y 20�8,  Vol .2�,  No.�·66·

carboanhydrase IX mRNA and protein level in the development of 
kidney cancer metastasis. Mol Biol (Mosk), 20�7, 5�(2): 372-377. doi: 
�0.7868/S00268984�7020�97

20 Xing M. Genetic alterations in the phosphatidylinositol-3 kinase/Akt 
pathway in thyroid cancer. Thyroid, 20�0, 20: 697-706

2� Martelli AM, Evangelisti C, Chiarini F, et al. The emerging role of the 
phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin 
signaling networkin cancer stem cell biology. Cancers, 20�0, 2: 
�576-�596. doi: �0.3390/cancers203�576

22 Bitting RL, Armstrong AJ. Targeting the PI3K/Akt/mTOR pathway 
in castration-resistant prostate cancer. Endocr Relat Cancer, 20�3, 
20(3): R83-R99. doi: �0.�530/ERC-�2-0394. 

23 Mikhailova M, Wang Y, Bedolla  R, et al. AKT regulates androgen 
receptor-dependent growth and PSA expression in prostate cancer. 
Adv Exp Med Biol, 2008, 6�7: 397-405. doi: �0.�007/978-0-387-690
80-3_38

24 Edlind MP, Hsieh AC. PI3K-AKT-mTOR signaling in prostate cancer 
progression and androgen deprivation therapy resistance. Asian J 
Androl, 20�4, �6(3): 378-386. doi: �0.4�03/�008-682X.�22876

25 R ini BI, Atkins MB. Resistance to targeted therapy in renal-cell 
carcinoma. Lancet Oncol, 2009, �0(�0): 992-�000. doi: �0.�0�6/
S�470-2045(09)70240-2

26 Naito S, Makhov P, Astsaturov I, et al.  LDL cholesterol counteracts 
the antitumour effect of tyrosine kinase inhibitors against renal 
cell carcinoma. Br J Cancer, 20�7, ��6(9): �203-�2�7. doi: �0.�038/
bjc.20�7.77

27 Morais C ed. Advances in drug resistance research queensland, The 
University of Queensland. 20�4. 246. 

28 Nahta R . Pharmacological strategies to overcome HER 2 cross-
talk and Trastuzumab resistance. Curr Med Chem, 20�2, �9(7): 
�065-�075.

29 Paplom at a E , O’ R e ga n R . T he PI 3K /A K T/mTOR pat hw ay 
in breast cancer: targets, t r ia ls and biomarkers . T herapeut ic 
A d v a nc e s i n Me d ic a l  O nc olog y,  2 0�4 ,  6(4): �5 4 -�6 6 .  doi : 
�0.��77/�7588340�4530023

30 Duran I, Lambea J, Maroto P, et al.  Resistance to targeted therapies 
in renal cancer: the importance of changing the mechanism of action. 
Target Oncol, 20�7, �2(�): �9-35. doi: �0.�007/s��523-0�6-0463-4

3� Chang L, Graham PH, Hao J, et al . PI3K/A kt/mTOR pathway 
inhibitors enhance radiosensit iv it y in radioresistant prostate 
cancercel ls through inducing apoptosis, reducing autophag y, 
suppressing NHEJ and HR repairpathways. Cell Death Dis, 20�4, 5: 
e�437. doi: �0.�038/cddis.20�4.4�5

32 Magnon C, Opolon P, R icard M, et al . Radiation and inhibition 
of angiogenesis by canstatin sy nergize to induce HIF-�alpha-
mediatedtumor apoptotic sw itch. J Clin Invest, 2007, ��7(7): 
�844-�855. doi:  �0.��72/JCI30269

33 Burrows N, Babur M, Resch J, et al .  Hy pox ia-inducible factor 
in thyroid carcinoma. J Thyroid Res, 20��, 20��: 762905. doi: 
�0.406�/20��/762905 

34 Ahmed M, Hussain AR, Bavi P, et al.  High prevalence of mTOR 
complex activity can be targeted using Torin2 in papillary thyroid 
carcinoma. Carcinogenesis, 20�4, 35(7): �564-�572. doi: �0.�093/
carcin/bgu05�

35 Lin HY, Sun M, Tang HY, et al. L-Thyroxine vs. 3,5,3'-triiodo-L-
thyronine and cell proliferation: activation of mitogen-activated 
protein kinase and phosphatidylinositol 3-kinase. Am J Physiol Cell 
Physiol, 2009, 296(5): C980-C99�. doi: �0.��52/ajpcell.00305.2008 

36 Erler JT, Giaccia AJ. Lysyl oxidase mediates hypoxic control of 
metastasis. Cancer Res, 2006, 66(2�): �0238-�024�.

37 Chen J, Imanaka N, Chen J, et al . Hy pox ia potentiates Notch 
signaling in breast cancer leading to decreased E-cadherin expression 
and increased cell migration and invasion. Br J Cancer, 20�0, �02(2): 
35�-360. doi: �0.�038/sj.bjc.6605486 

38 Mondragón-Terán P, López-Hernández LB, Gutiérrez-Salinas J, et al. 
Intracellular signaling mechanisms in thyroid cancer. Cir Cir, 20�6, 
84(5): 434-443. doi: �0.�0�6/j.circir.20�6.05.0�7

(Received: 20�7-09-�7  Revised: 20�7-�0-20  Accepted: 20�7-��-�0)
(Edited by Juan NAN) 

Cite this article as: SPIRINA LV, KONDAKOVA IV, TARASENKO NV, et al. Targeting of the AKT/m-TOR Pathway: Biomarkers of 

Resistance to Cancer Therapy——AKT/m-TOR Pathway and Resistance to Cancer Therapy. Zhongguo Fei Ai Za Zhi, 20�8, 2�(�): 63-66. 

doi: �0.3779/j.issn.�009-34�9.20�8.0�.09

 中国肺癌杂志 
www.lungca.org 




