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Abstrakt 

 

Nehodgkinské lymfomy (NHL) jsou skupinou heterogenních lymfoproliferativních 

ƳŀƭƛƎƴƛǘ ǇƻŎƘłȊŜƧƝŎƝŎƘ Ȋ .κ¢ ƭȅƳŦƻŎȅǘǻ ƴŜōƻ bY ōǳƴŠƪΦ Deregulace signální dráhy fos-

fatidyl-inositol-3-kináza ς protein-kináza B/AKT (PI3K-AKT) ƘǊŀƧŜ ŘǻƭŜȌƛǘƻǳ Ǌƻƭƛ 

v patogenezi, chemorezistenci ŀ ǇǊƻƎǊŜǎƛ ǌŀŘȅ .-NHL. Molekulární mechanismy vedou-

cí k aberantní aktivaci PI3K-!Y¢ ŘǊłƘȅ Ƨǎƻǳ ƻŘƭƛǑƴŞ ǳ ǊǻȊƴȇŎƘ ǇƻŘǘȅǇǻ .-NHL. 

[ȅƳŦƻƳ Ȋ ǇƭłǑǙƻǾȇŎƘ ōǳƴŠƪ όa/[ύ ƧŜ . ōǳƴŠőƴȇ ŀƎǊŜǎƛǾƴƝ Nehodgkinský lymfom cha-

ǊŀƪǘŜǊƛȊƻǾŀƴȇ ŎƘǊƻƳƻȊƻƳłƭƴƝ ǘǊŀƴǎƭƻƪŀŎƝ όммΤмпύ ŀ ǇǌƝǘƻƳƴƻǎǘƝ ƳƴƻƘŀ ǊŜƪǳǊŜƴǘƴƝŎƘ 

ƳƻƭŜƪǳƭłǊƴƝŎƘ ŀ ŎȅǘƻƎŜƴŜǘƛŎƪȇŎƘ ȊƳŠƴΣ ǾőŜǘƴŠ zisku/amplifikaci genu PIK3CA, kódují-

ŎƝƘƻ Ǉммлʰ ƪŀǘŀƭȅǘƛŎƪƻǳ ǇƻŘƧŜŘƴƻtku fosfatidyl-inositol-3-kinázy (PI3K), nebo ztráta 

funkce fosfatázy a homologu tenzinu (PTEN), negativního regulátoru PI3K.  

Cílem této studie byla komplexní analýza vlivu ǾȇǑŜ ǳǾŜŘŜƴȇŎƘ ŀōŜǊŀŎƝ ƎŜƴǻ PIK3CA a 

PTEN na biologii a lékovou rezistenci MCL a to pomocí ōǳƴŠőƴȇŎƘ ƭƛƴƛƝ a/[ όaLbhΣ 

JEKO-1, UPF1H, UPF19U a Z138) s transgenní (over)expresí genu PIK3CA (PIK3CA UP) a 

knockout/  knockdown genem PTEN (PTEN KO)/(PTEN KD), napodobující celkovou a 

őłǎǘŜőƴƻǳ ȊǘǊłǘǳ ǇǊƻǘŜƛƴǳ t¢9b . Pro studium dopadu studovaných ŀōŜǊŀŎƝ ƴŀ ǇǌŜȌƛǘƝ 

a/[ ōǳƴŠƪ ŘŀƴŞ ǎƛƎƴŀƭƛȊŀŎƝ Ȋ ./w ōȅƭȅ Ȋ ōǳƴŠőƴȇŎƘ ƭƛƴƛƝ PIK3CA UP, PTEN KO, a PTEN 

KD ƻŘǾƻȊŜƴȅ ōǳƶƪȅ ǎ ŘŀƭǑƝƳ ƪƴƻŎƪƻǳǘem B-ōǳƴŠőƴŞƘƻ ǊŜŎŜǇǘƻǊǳ. Exprese a aktivita 

fosforylované proteinkinázy B (AKT) byla analyzována pomocí Western blotting a po-

mocí metody Förster resonance energy transfer (FRET). Energo-metabolické dráhy byly 

zkoumány pomocí Seahorse analyzátoru a pomocí hypoxického inkubátoru. Ke stano-

ǾŜƴƝ ŎƛǘƭƛǾƻǎǘƛκǊŜȊƛǎǘŜƴŎŜ ōǳƴŠőƴȇŎƘ ƭƛƴƛƝ PIK3CA UP, PTEN KO, a PTEN KD ƪ ƭŞőōŠ ōȅƭ 

ǇƻǳȌƛǘ ǇŀƴŜƭ ǊǻȊƴȇŎƘ ǎŜƭŜƪǘƛǾƴƝŎƘ ƛƴƘƛōƛǘƻǊǻ ƛȊƻŦƻǊƳȅ tLоYΣ ƛƴƘƛōƛǘƻǊ !Y¢Σ ƛƴƘƛōƛǘƻǊ .Ǌǳπ

ton tyrozinkinázy (BTK), inhibitor glykolýzy a BH3 mimetika.  

¢ǊŀƴǎƎŜƴƴƝ ƴŀŘƳŠǊƴł ŜȄǇǊŜǎŜ ƎŜƴǳ PIK3CA ƴŜōȅƭŀ ǎǇƻƧŜƴŀ ǎ ǇŀǘǊƴȇƳƛ ȊƳŠƴŀƳƛ ǾŜ 

fosforylaci nebo aktivaci AK¢Φ bŀǾƝŎ ŎƛǘƭƛǾƻǎǘ ōǳƴŠőƴȇŎƘ ƭƛƴƛƝ PIK3CA UP na panel inhibi-

ǘƻǊǻ tLоY ƴŜōƻ ƛōǊǳǘƛƴƛō όƛƴƘƛōƛǘƻǊ .¢Yύ Ȋǻǎǘŀƭŀ ǇǊŀƪǘƛŎƪȅ ƴŜȊƳŠƴŠƴŀΦ WŜ ȊŀƧƝƳŀǾŞΣ ȌŜ 

ŘǾŠ ȊŜ п ǘŜǎǘƻǾŀƴȇŎƘ ōǳƴŠőƴȇŎƘ ƭƛƴƛƝ ōȅƭȅ ƻŘƻƭƴŠƧǑƝ Ǿǻőƛ ǾŜƴŜǘƻŎƭŀȄǳ όƛƴƘƛōƛǘƻǊ ./[нύΣ 
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ƪǘŜǊȇ ǎŜ ǇƻǳȌƝǾł Ǉǌƛ ƭŞőōŠ ǊŜŎƛŘƛǾǳƧƝŎƝƘƻκǊŜŦǊŀƪǘŜǊƴƝƘƻ όwκwύ a/[Σ ŀ Ǿǻőƛ {соупр όƛƴƘƛōƛπ

tor MCL1). ½ǾȇǑŜƴł exprese genu PIK3CA ǎƴƝȌƛƭŀ ȊłǾƛǎƭƻǎǘ ǘŜǎǘƻǾŀƴȇŎƘ ōǳƴŠőƴȇŎƘ ƭƛƴƛƝ 

a/[ ƴŀ ǇǌŜȌƛǘƝΣ ŘŀƴŞ ǎƛƎƴŀƭƛȊŀŎƝ Ȋ ./wΣ ǎƴƝȌƛƭŀ ƘƭŀŘƛƴȅ ƻȄƛŘŀǘƛǾƴƝ ŦƻǎŦƻǊȅƭŀŎŜ όh·tIh{ύΣ 

ȊǾȇǑƛƭŀ ǊŜȊistenci na inhibitor glykolýzy, 2-deoxyglukózu (2-DG), a zrychlila rychlost 

Ǌǻǎǘǳ ƴłŘƻǊǳ ƛƴ ǾƛǾƻΦ tǌŜǎƴŞ ƳƻƭŜƪǳƭłǊƴƝ ƳŜŎƘŀƴƛǎƳȅΣ ƪǘŜǊŞ Ƨǎƻǳ ǇǌƝőƛƴƻǳ ǘŠŎƘǘƻ ǇƻȊƻπ

ǊƻǾłƴƝΣ ȊǻǎǘłǾŀƧƝ ƴŜǊƻȊǇƻȊƴŀƴŞΣ ƴƛŎƳŞƴŠ ƴŜȊƳŠƴŠƴł ŀƪǘƛǾƛǘŀ ŀ ƴŜȊƳŠƴŠƴȇ ǎǘŀǾ ŦƻǎŦƻπ

ǊȅƭŀŎŜ !Y¢ ƴŀȊƴŀőǳƧƝΣ ȌŜ ŘǻǎƭŜŘƪȅ Ȋƛǎƪǳ ŦǳƴƪŎŜ ƎŜƴǳ PIK3CA ǳ a/[ Ƨǎƻǳ ȊǇǊƻǎǘǌŜŘƪƻǾłπ

ny nezávisle na AKT. Ztráta PTEN byla spojena s výrazným fenotypem PTEN Yh ōǳƴŠƪΣ 

ƪǘŜǊȇ ōȅƭ ƳŀƴƛŦŜǎǘƻǾłƴ ƘȅǇŜǊŦƻǎŦƻǊȅƭŀŎƝ ŀ ƴŀŘƳŠǊƴƻǳ ŀƪǘƛǾŀŎƝ ǇǊƻǘŜƛƴǳ !Y¢Σ ȊǾȇǑŜƴƻǳ 

ǊŜȊƛǎǘŜƴŎƝ ƴŀ ǾŠǘǑƛƴǳ ǘŜǎǘƻǾŀƴȇŎƘ ƛƴƘƛōƛǘƻǊǻ tLоYΣ ƛōǊǳǘƛƴƛō όƛƴƘƛōƛǘƻǊ .¢Yύ ŀ ǾŜƴŜǘƻŎƭŀȄ 

όƛƴƘƛōƛǘƻǊ ./[нύΣ ȊǾȇǑŜƴƻǳ ŎƛǘƭƛǾƻǎǘƝ ƴŀ ƛƴƘƛōƛǘƻǊ ./[-·[Σ ȊǾȇǑŜƴƻǳ ƎƭȅƪƻƭȇȊƻǳ ǎǇƻƧŜƴƻǳ 

ǎŜ ȊǾȇǑŜƴƻǳ ǊŜȊƛǎǘŜƴŎƝ ƴŀ н-DG (inhibitor glykolýzy)Σ ȊǾȇǑŜƴȇƳ ǊȅŎƘƭƻǎǘ Ǌǻǎǘǳ nádoru in 

ǾƛǾƻ ŀ ǇƻȊƻǊǳƘƻŘƴŠ ǎƴƝȌŜƴƻǳ ȊłǾƛǎƭƻǎǘƝ ƴŀ ǇǌŜȌƛǘƝΣ ŘŀƴŞ ǎƛƎƴŀƭƛȊŀŎƝ Ȋ ./w. 2łǎǘŜőƴł ȊǘǊłπ

ǘŀ t¢9b ƳŠƭŀ ǇƻŘƻōƴƻǳΣ ŀƭŜ ƳŞƴŠ ǾȇǊŀȊƴƻǳ ƳŀƴƛŦŜǎǘŀŎi ve srovnání s totální ztrátou 

PTEN, kde ōǳƶƪy PTEN KD vykázaly ƴŀŘƳŠǊƴƻǳ ŀƪǘƛǾŀŎƛ ǇǊƻǘŜƛƴǳ !Y¢Σ ȊǾȇǑŜƴƻǳ ǊŜȊƛǎπ

tenci na copanlisib (inhibitor pan-PI3K), ibrutinib (inhibitor BTK) a venetoclax (inhibitor 

./[нύΣ ƴŜȊƳŠƴŠƴƻǳ ŎƛǘƭƛǾƻǎǘ ƴŀ BCL ς XL ƛƴƘƛōƛǘƻǊ ŀ ȊǾȇǑŜƴł ƻŘƻƭƴƻǎǘ Ǿǻőƛ н-DG. 

[ȊŜ ǎƘǊƴƻǳǘΣ ȌŜ Ȋƛǎƪ ŦǳƴƪŎŜ ƎŜƴǳ PIK3CA a ztráta funkce proteinu PTEN ǾŜŘƭȅ ƪ ǊǻȊπ

ƴȇƳ ŦŜƴƻǘȅǇǻƳΣ ƴƛŎƳŞƴŠ ǳ ƻōƻǳ ŘƻǑƭƻ ƪŜ ǎƴƝȌŜƴƝ ȊłǾƛǎƭƻǎǘƛ a/[ ōǳƴŠƪ ƴŀ ǇǌŜȌƛǘƝΣ ŘŀƴŞ 

ǎƛƎƴŀƭƛȊŀŎƝ Ȋ ./wΣ ŀ ȊǾȇǑŜƴƝ ǇǌŜȌƛǘƝ a/[ ōǳƴŠƪ Ǉǌƛ ƛƴƘƛōƛŎƛ ./[нΣ ƛƴƘƛōƛŎƛ ƎƭȅƪƻƭȇȊȅ ŀ Ƙȅπ

poxii. 
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Abstract 

Non-IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀǎ όbI[ύ ŀǊŜ ŀ ƎǊƻǳǇ ƻŦ ƘŜǘŜǊƻƎŜƴƻǳǎ ƭȅƳǇƘƻǇǊƻƭƛŦŜǊŀǘƛǾŜ 

malignancies originating from B/T or NK cells. The deregulation of the phosphatidyl-

inositol-3-kinaseςprotein kinase B/AKT (PI3K-AKT) signaling pathway plays an im-

portant role in the pathogenesis, chemoresistance, and progression of B-NHL. The mo-

lecular mechanisms leading to the aberrant activation of PI3K-AKT pathway vary in 

different subtypes of B-NHL. 

Mantle cell lymphoma (MCL) is a B cell aggressive non-IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀ ŎƘŀǊŀŎπ

terized by the chromosomal translocation (11;14) and the presence of many recurrent 

molecular and cytogenetic alterations, including gain/amplification of PIK3CA, coding 

ŦƻǊ ŀ Ǉммлʰ ŎŀǘŀƭȅǘƛŎ ǎǳōǳƴƛǘ ƻŦ ǘƘŜ ǇƘƻǎǇƘŀǘƛŘȅƭƛƴƻǎƛǘƻƭ о ƪƛƴŀǎŜ όtLоYύΣ ŀƴŘ ƭƻǎǎ ƻŦ 

phosphatase and tensin homolog (PTEN) function, a negative regulator of PI3K. 

 The aim of this study was a complex analysis of the effect of the above mentioned 

PIK3CA and PTEN gene aberrations on the biology and drug resistance of MCL using 

(MINO, JEKO-1, UPF1H, UPF19U and Z138) cell lines with transgenic overexpression of 

PIK3CA (PIK3CA UP), and knock-out/knock-down of PTEN (PTEN KO)/ (PTEN KD), mim-

icking total and partial PTEN protein loss.  To study the impact of the studied aberra-

tions on the pro-survival signaling from BCR in MCL, cells with an additional knock out 

of B-cell receptor were derived from PIK3CA UP, PTEN KO, and PTEN KD cell lines. The 

expression and activity of phosphorylated protein kinase B (AKT) were analyzed using 

western blotting and Förster resonance energy transfer (FRET). Energy-metabolic 

pathways were investigated using a Seahorse analyzer and a hypoxic incubator. A pan-

el of different selective PI3K isoform inhibitors, an AKT inhibitor, a Bruton tyrosine ki-

nase (BTK) inhibitor, a glycolysis inhibitor and BH3 mimetics were used to determine 

sensitivity/resistance of PIK3CA UP, PTEN KO, and PTEN KD cell lines to these treat-

ments. Transgenic over-expression of PIK3CA was not associated with appreciable 

changes in AKT protein phosphorylation or AKT kinase activation. Moreover, the sensi-

tivity of PIK3CA UP cell lines to a battery of PI3K inhibitors, or ibrutinib (a BTK inhibitor) 

remained virtually unchanged. Interestingly, two out of 4 tested cell lines were more 

resistant to venetoclax (a BCL2 inhibitor), currently used in the treatment of re-

lapsed/refractory (R/R) MCL, and to S63845 (a MCL1 inhibitor). Increased PIK3CA ex-
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pression decreased dependence of the tested MCL cell lines on the pro-survival signal-

ing from BCR, lowered levels of oxidative phosphorylation (OXPHOS), increased re-

sistance to the inhibitor of glycolysis, 2-deoxy-glucose (2-DG), and increased tumor 

growth rate in vivo. The precise molecular mechanisms that lay behind these observa-

tions remain largely elusive, however, the unchanged activity and phosphorylation 

status of AKT suggest that PIK3CA gain consequences are mediated independently of 

AKT in MCL. Loss of PTEN was associated with a distinct phenotype with PTEN KO cells   

manifesting hyperphosphorylation and overactivation of AKT protein, increased re-

sistance to the majority of tested PI3K inhibitors, ibrutinib (a BTK inhibitor) and ve-

netoclax (a BCL2 inhibitor), increased sensitivity to BCL-XL inhibitor, increased glyco-

lytic rates associated with increased resistance to 2-DG (a glycolysis inhibitor), in-

creased  tumor growth rate in vivo, and remarkably decreased reliance on the pro-

survival BCR signaling. Partial PTEN loss had a similar but less pronounced manifesta-

tion compared to the total loss of PTEN with PTEN KD cells showing overactivation of 

AKT protein, increased resistance to copanlisib (a pan-PI3K inhibitor), ibrutinib (a BTK 

inhibitor) and venetoclax (a BCL2 inhibitor), unchanged sensitivity to BCL-XL inhibitor, 

and increased resistance to 2-DG.  

In summary, PIK3CA gain and PTEN loss resulted in different phenotypes, however, 

both attenuate dependence of MCL cells on pro-survival signaling from BCR and in-

crease survival of MCL cells in response to BCL2 inhibition, glycolysis inhibition and 

under hypoxia. 
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1 Introduction 

1.1 Non-Hodgkin’s Lymphomas (NHL)  

NHL represent a group of heterogenous lymphoproliferative malignancies that orig-

inate from B, T lymphocytes or natural killer (NK) cells at varying stages of maturation. 

Taking into consideration the incidence variation among different populations, NHL 

represents 2.8% of cancer diagnoses in the world ranking seventh most prevalent can-

cers that are responsible for 2.6% of oncological deaths. B cell Lymphomas represents 

the most common subgroup. NHL are in general more frequent in men with a usual 

age of presentation higher than 65. Certain types of translocations, autoimmune dis-

eases, exposure to toxins, viral infections, radiation and vitamin deficiency represent 

risk factors for the development of NHL (Thandra et al. 2021; Chu et al. 2023; Rabkin et 

al. 2008; Armitage et al. 2017). Based on their prognosis, NHL are classified into slow 

growing (indolent) or rapidly proliferating (aggressive). The indolent NHL usually pre-

sent with painless peripheral lymphadenopathy that lasts for several years and may or 

may not progress to a more aggressive type, examples of such lymphomas are follicu-

lar lymphoma and chronic lymphocytic leukemia/small lymphocytic lymphoma 

(CLL/SLL). Aggressive NHL represent the bigger majority, which if not treated, lead im-

mediately to death of patient. Clinically, besides lymphadenopathy and organomegaly, 

they present with what we call B symptoms that include: fever, night sweats and 

weight loss. Examples of aggressive NHL are diffuse large B cell lymphoma (DLBCL) and 

mantle cell lymphoma (MCL). NHL are not restricted to lymph nodes and can affect 

other organs, such as the stomach, skin, intestines, and the central nervous system 

(CNS) (Sapkota and Shaikh 2023; Ciobanu et al. 2013; Armitage, et al. 2017). The 

treatment of NHL, which depends on the subtype and stage, usually compromises dif-

ferent combinations of chemotherapy, immunotherapy, radiotherapy, targeted thera-

py and stem cell transplant (Ansell and Armitage 2005; Derebas et al. 2022). Even 

though the survival of patients attained by NHL has largely improved since the seven-

ties, certain types like DLBCL and MCL remain challenging to treat due to their tenden-

cy to be refractory or to relapse after an initial response to therapy (Burkart and 

Karmali 2022; Sawalha 2021). For the time being, a lot of efforts are directed towards 

unraveling the mechanisms behind the aggressivity of certain types of NHL with a final 
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goal of fiƴŘƛƴƎ ŀƴ ŀǇǇǊƻǇǊƛŀǘŜ ǘǊŜŀǘƳŜƴǘ ǘƘŀǘ ƛƳǇǊƻǾŜǎ ǇŀǘƛŜƴǘǎΩ ǎǳǊǾƛǾŀƭΦ hƴŜ ƻŦ ǘƘŜ 

currently studied mechanisms is the overactivation of PI3K-AKT signaling pathway.   

1.2 Classification of non-Hodgkin’s Lymphomas 

NHL are classified according to different criteria, such as cell of origin, clinical 

presentation and course (indolent or aggressive), histology, immunophenotype and 

genetic/molecular features (Amhaz, Bazarbachi, and El-Cheikh 2022; Vose et al. 2008). 

I am only going to mention the classifications of mature B cell neoplasms, since they 

represent the most common type of NHL. Classification of B cell lymphomas according 

to cell of origin is demonstrated in Figure 1. 

 

Figure 1  

[Simplified scheme of B cell development showing distinct types of B-NHL arising from 

different non-malignant lymphoid counterparts]. MCL, mantle cell lymphoma; GCB 

DLBCL, germinal center B-cell-like diffuse large B-cell lymphoma; ABC DLBCL, activated 

B-cell-like diffuse large B-cell lymphoma; FL, follicular lymphoma; CLL/SLL, chronic lym-

ǇƘƻŎȅǘƛŎ ƭŜǳƪŜƳƛŀκǎƳŀƭƭ ƭȅƳǇƘƻŎȅǘƛŎ ƭȅƳǇƘƻƳŀΤ .[Σ .ǳǊƪƛǘǘΩǎ ƭȅƳǇƘƻƳŀΦ /ƛǘŜŘ ŀƴŘ 

taken from (https://pubmed.ncbi.nlm.nih.gov/32290241/)  (Klanova and Klener 2020) 

 

https://pubmed.ncbi.nlm.nih.gov/32290241/
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One of the most used classifications by clinicians and pathologists is the WHO classi-

fication of hematolymphoid tumors which is being updated approximately every 5-10 

years with the latest being the 5th edition, published in 2022 (Alaggio et al. 2022).  

The fifth edition classification of mature B cll neoplasms (Alaggio, et al. 2022): 

¶ Pre-neoplastic and neoplastic small lymphocytic proliferations 

¶ Splenic B-cell lymphomas and leukemias 

¶ Lymphoplasmacytic lymphoma 

¶ Marginal zone lymphoma 

¶ Follicular lymphoma 

¶ Cutaneous follicle centre lymphoma 

¶ Mantle cell lymphoma 

¶ Transformations of indolent B-cell lymphomas 

¶ Large B-cell lymphomas, DLBCL is a subtype. 

¶ Burkitt lymphoma 

¶ KSHV/HHV8-associated B-cell lymphoid proliferations and lymphomas 

¶ Lymphoid proliferations and lymphomas associated with immune deficiency 

and dysregulation 

 

Another common classification is the Ann Arbor classification that is mainly used for 

ǎǘŀƎƛƴƎ ǘƘŜ ŘƛǎŜŀǎŜΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ƭȅƳǇƘ ƴƻŘŜǎ ŀƴŘ ƻǘƘŜǊ ƻǊƎŀƴǎΩ ƛƴǾƻƭǾŜƳŜƴǘΣ ƛƴǘƻ 

stages I, II, III or IV. The Ann Arbor classification is a prognostic one and is used to 

choose the appropriate line of treatment (Cheson et al. 2014). Lately, a modified ver-

sion of the Ann Arbor classification (The Lugano classification of NHL) is preferably 

used in NHL (Cheson, et al. 2014; Cheson 2015)(Table 1). 
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Stage Involvement  Extranodal status  

I One node or a group of adjacent nodes 
Single extranodal lesions without 
nodal involvement 

II 
Two or more nodal groups on the same side 
of the diaphragm 

Stage I or II by nodal extent with lim-
ited contiguous extranodal involve-
ment 

II 
(bulky)  as above with "bulky" disease Not applicable 

III 

Nodes on both sides of the diaphragm; nodes 
above the diaphragm with spleen involve-
ment Not applicable 

IV 
Additional non-contiguous extra-lymphatic 
involvement Not applicable 

Table 1  

 Lugano classification for NHL modified and taken from  

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9327661/) (Radhakrishnan et al. 

2022) 

 

My research was mainly focused on MCL and as second on DLBCL. 

 

1.3 Mantle cell Lymphoma (MCL) 

1.3.1 Definition 

Mantle cell lymphoma (MCL) is a rare aggressive, incurable, chronically relapsing 

type of mature B cell non-Hodgkin lymphoma that resists existing treatment. MCL orig-

inates in the mantle zone of the lymph node and, in most cases, is characterized by the 

translocation t (11;14) (q13; q32), which leads to increased production of cyclin D1. 

During the progression of the disease, MCL becomes genomically instable and acquires 

diverse mutations making it biologically extremely heterogenous. Some of the docu-

mented recurrent genomic alterations are e.g. mutations of ATM, TP53, NOTCH1, 

CDK4, and RB1 genes (Li et al. 1999; Kolodziej et al. 2019; Salaverria et al. 2013; 

Alnassfan et al. 2022; Hill et al. 2020; Navarro et al. 2020; Jain and Wang 2022).  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9327661/


21 

1.3.2 Epidemiology 

MCL is considered a rare subtype of NHL, representing roughly 6% to 8% of all cases 

with an incidence of 0.51 to 0.55 in 100000 people. Males are more affected than fe-

males with a ratio of 3:1. The age of presentation is around 68 years (Wang and Ma 

2014; Jeon et al. 2019).  

1.3.3 Signs, symptoms, and diagnosis 

MCL, in most cases, is diagnosed at an advanced stage (III or IV). It usually presents 

with lymphadenopathy, B symptoms, fatigue, hepatosplenomegaly and symptoms of 

gastrointestinal tract involvement or involvement of other organs such as the breast, 

pleura, orbit, CNS, and is associated with an abnormal blood count due to bone mar-

row involvement (Lynch et al. 2023; Ali et al. 2022; Radhakrishnan, et al. 2022). Un-

commonly, MCL can be asymptomatic, slow growing, or present with lymphocytosis 

only (Jain and Wang 2022). 

In addition to medical history, physical examination and complete blood count, 

lymph node aspiration and biopsy are used to establish diagnosis. For staging, bone 

marrow aspiration or biopsy and body CT scan are performed (Radhakrishnan, et al. 

2022; Lynch, et al. 2023).  

1.3.4 Classification 

Histopathologically, MCL can show a mantle zone, nodular or diffuse architecture 

with different cytological variants: classic, small cell, pleomorphic and blastoid (Figure 

2). The presence of a diffuse architecture, a pleomorphic or a blastoid cytological vari-

ant, a high mitotic index and a high Ki67, which represents the proliferation index, in-

dicates higher aggressivity (Veloza, Ribera-Cortada, and Campo 2019; Tiemann et al. 

2005). Immunophenotypically, MCL is characterized by being CD5+, CD20+, cyclinD1+ 

(Wang and Ma 2014). 
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Figure 2 

Cytological variants of MCL. (A) Classic variant, cells are small to medium sized with 

irregular nuclear borders, the chromatin is condensed with invisible nucleoli and scarce 

cytoplasm (B) Small cell variant, the cells are small and round with modest nuclear ir-

regularities (C) Blastoid variant, cells are medium in size, nuclei are slightly irregular 

containing invisible nucleoli, chromatin is vesicular, and cytoplasm is scarce. Presence 

of mitosis (D) Pleomorphic variant, large, atypical cells containing irregular cleaved 

nuclei with prominent nucleoli. Presence of high amount of mitosis. Specimens stained 

with hematoxylin and eosin. Magnification is 40X. Modified and taken from 

(https://aol.amegroups.org/article/view/5078/html) (Veloza, Ribera-Cortada, and 

Campo 2019) 

 

Clinically and on the molecular level MCL is subdivided into: A) leukemic non nodal 

(rare), believed to originate from antigen experienced post germinal B cells, has an 

indolent course and is characterized by the presence of IGHV somatic mutations and 

absence of SOX11 expression, and B) conventional MCL (more common), presumed to 

https://aol.amegroups.org/article/view/5078/html
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originate from naïve pre-germinal center B cells, clinically aggressive, and is character-

ized by non or few IGHV somatic mutations, positive SOX11 expression and high ge-

nomic instability. The leukemic non nodal subtype may later progress to aggressive 

MCL (Navarro, et al. 2020; Navarro et al. 2012; Jain and Wang 2022). 

1.3.5 Prognosis 

Extent of MCL dissemination, histopathologic appearance, ki-67 expression, pres-

ence/absence of IGHV and TP53 mutations, SOX11 expression, and MCL international 

prognostic index (MIPI), which includes age, lactate dehydrogenase (LDH) level, white 

blood cells count and performance status, are used to determine MCL prognosis (Pu et 

al. 2022; Hoster et al. 2008; Jain and Wang 2022). MIPI-c is MIPI including ki-67. High 

MIPI, pleomorphic/blastoid histologic appearance, high Ki-67, overexpression of 

SOX11, absence of IGHV mutations and presence TP53 alterations are associated with 

poor prognosis. Progress in molecular pathogenesis is bringing more and more insight 

into the genetic, epigenetic, and molecular factors that can be used, in the near future, 

in MCL prognostication (Navarro, et al. 2020; Navarro, et al. 2012; Jain and Wang 2022; 

Scheubeck et al. 2023). Simplified MIPI described in Table.2. 

 

Table 2   

Simplified MIPI calculation. Modified and taken from 

 (https://pubmed.ncbi.nlm.nih.gov/24854989/)   (Dreyling, Ferrero, and Hermine 2014) 

https://pubmed.ncbi.nlm.nih.gov/24854989/
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1.3.6 Treatment 

The choice of treatment depends on age, general status, and eligibility for trans-

plant. In case of relapse, different treatment strategies are implemented (Figure 3). 

 

Figure 3 

 [MCL treatment algorithm. BiTE, bispecific T-cell engager; BR, bendamustine and ritux-

ƛƳŀōΤ .¢YΣ .ǊǳǘƻƴΩǎ ǘȅǊƻǎƛƴŜ ƪƛƴŀǎŜΤ /!w-T, chimeric antigen receptor-T cell; CHOP, 

cyclophosphamide + vincristine + doxorubicin + prednisone; Mod, modified; mTOR, 

mammalian target of rapamycin; RDHAP, rituximab + dexamethasone + cytarabine + 

cisplatin; R-HyperCVAD, rituximab in combination with hyperfractionated cyclophos-

phamide + vincristine + adriamycin + dexamethasone; V, bortezomib; VcR-CVAD, borte-

zomib with modified R-HyperCVAD; VR-CAP, bortezomib plus rituximab + cyclophos-

phamide + doxorubicin + prednisone] Cited and Taken from  

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8882940/) (Pu, et al. 2022). 

 

Even though treatment of MCL has improved and evolved during the last several 

years and new treatments are being introduced, relapse/refractory (R/R) MCL is often 

inevitable rendering the prognosis dire (Bond, Martin, and Maddocks 2021). Studies 

about the mechanisms behind the resistance of MCL and new therapeutical alterna-

tives to prolong remission and improve survival of patients are thus warranted. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8882940/
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1.4 Diffuse large B cell lymphoma (DLBCL) 

DLBCL is a mature B cell lymphoma that consists of a heterogenous group of diseas-

es that differ biologically, clinically, genetically (having several molecular subtypes) and 

in their response to treatment (Chapuy et al. 2018; Reddy et al. 2017; Schmitz et al. 

2018). DLBCL, representing approximately 30% of cases, is the most prevalent NHL 

with males being slightly more affected than females (Sehn and Salles 2021; 

Radkiewicz et al. 2023). According to the fifth edition of WHO classification of hemato-

lymphoid tumors, DLBCL not otherwise specified (NOS) is the most common DLBCL 

(Alaggio, et al. 2022). DLBCL is a high-grade lymphoma that is further subclassified ac-

cording to cell of origin, molecular and genetic characteristics. Using gene expression 

profiling, DLBCL is subdivided into germinal center B-cell like (GCB) and activated B-cell 

like (ABC) with the latter being more aggressive (Hans et al. 2004). Clinically, DLBCL 

presents with a peripheral lymphadenopathy, involvement of other organs or with a 

combination of both. B symptoms are present in approximately 30% of cases and cor-

relate with worse prognosis (Susanibar-Adaniya and Barta 2021; Mamgain et al. 2022; 

Kurz et al. 2023). Histologically, it presents as a diffuse proliferation of large cells, 

hence the name, containing big nuclei with prominent nucleolus/nucleoli (Figure 4).  

 

Figure 4  

DLBCL histology, diffuse architecture, large cells with slightly basophilic cytoplasm, 

large nuclei with light chromatin containing prominent nucleolus or nucleoli. Specimen 

stained with hematoxylin and eosin. Magnification is 400X. Modified and taken from 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10137297/) (Kurz, et al. 2023) 
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International Prognostic Index (IPI), which takes into consideration the age, serum 

LDH level, Ann Arbor stage, ECOG performance status and extra-nodal involvement 

(Ruppert et al. 2020), remains the preferred model to determine DLBCL prognosis 

(Jelicic et al. 2023). The current treatment of DLBCL depends on the stage at presenta-

tion and consists of cycles of chemotherapy using  R-CHOP (rituximab with cyclophos-

phamide, doxorubicin, vincristine and prednisolone) or the more aggressive R-EPOCH 

(rituximab, etoposide, cyclophosphamide, doxorubicin, vincristine and prednisone) 

(Mamgain, et al. 2022) Other than chemotherapy new therapeutic options to treat 

DLBCL have come out lately, for example: selective BTK inhibitors, antibodyςdrug con-

jugates (ADCs), chimeric antigen receptor T cells (CAR-T), monoclonal antibodies and 

bispecific T cell engagers (Paillassa and Safa 2022). Despite the improvement in the 

survival of patients affected by DLBCL, around 30-50% of them will experience a re-

lapse or become refractory being left with few treatment options (Minghan et al. 2022; 

Lenz et al. 2020). Thus, further efforts to find new therapies, especially for R/R DLBCL, 

are warranted. 

1.5 PI3K-AKT-mTOR signaling pathway 

Physiologically, PI3K-AKT-mTOR signaling pathway is involved in the regulation of 

several important cellular functions, such as growth, proliferation, survival, mobility, 

immune response and metabolism (He et al. 2021; Yang et al. 2019; Koyasu 2003; Yu 

and Cui 2016). Therefore, the activation of PI3K-AKT-mTOR signaling pathway, under 

normal conditions, is strictly controlled. One of its most important regulators is the 

phosphatase and tensin homolog (PTEN) (Haddadi et al. 2018). Initiation of PI3K-AKT-

mTOR signaling pathway is triggered by the activation of different types of receptors, 

including the tyrosine kinase receptor, the G protein coupled receptor (GPCR) and the 

B cell receptor (BCR). Triggering of these receptors lead to the activation of phosphati-

dylinositol 3-kinase (PI3K), which in turn, phosphorylates phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) into phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3). 

Both, the phosphoinositide-dependent kinase-1 (PDK1) and AKT, bind to PI(3,4,5)P3, 

which allows the phosphorylation of AKT by PDK1 at threonine 308 (T308). For full ac-

tivation of AKT, the mammalian target of rapamycin 2 (mTORC2) phosphorylates it at 

serine 473 (S473) (Hart and Vogt 2011; Zhang et al. 2023) (Figure .5). Once AKT is acti-

vated, it in turn activates a plethora of targets (see later (Figure.8)). 
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Figure 5   

PI3K-AKT-mTOR signaling pathway. GPCR, G protein coupled receptor; BCR, B cell re-

ceptor; RTK, receptor tyrosine kinase; BCAP, B cell adaptor protein; SYK, spleen tyrosine 

kinase; GAB1/2, GRB2 associated binding protein1/2; ILK, integrin linked kinase; JAK1, 

Janus kinase 1; PI(4,5)P2, phosphatidylinositol (4,5) biphosphate; PI(3,4,5)P3, phospha-

tidylinositol (3,4,5) triphosphate; PDK1, phosphoinositide-dependent kinase-1;  TSC1/2, 

tuberous sclerosis ½; Rheb, Ras homolog enriched in brain; S473, serine 473; T308, 

threonine 308; mTORC1/2, mammalian target of rapamycin complex 1/2; 4EBP1, eu-

karyotic translation initiation factor 4E-binding protein 1. Modified and taken from 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10031261/) (Zhang, et al. 2023) 

 

Many drugs have been developed lately and are being developed to target PI3K-

AKT-mTOR signaling pathway in cancer. These drugs show better efficacy, when used 

in combination with other targeted therapies (Glaviano et al. 2023). 

1.5.1 Phosphatidylinositol 3-kinase (PI3K) 

There are 3 major classes of PI3K: class I, class II, and class III; each with a different 

function. Class I, which is the most studied class in cancer, is further subdivided into 

Ŏƭŀǎǎ L! ŀƴŘ Ŏƭŀǎǎ L.Φ /ƭŀǎǎ L! ƛƴŎƭǳŘŜǎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎŀǘŀƭȅǘƛŎ Ǉммл ǎǳōǳƴƛǘǎΥ ʰΣ ʲΣ ʵΣ 

encoded by the genes PIK3CA, PIK3CB and PIK3CD respectively, which bind to the regu-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10031261/
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ƭŀǘƻǊȅ ǎǳōǳƴƛǘ ǇурΦ /ƭŀǎǎ L. ƛƴŎƭǳŘŜǎ ǘƘŜ ŎŀǘŀƭȅǘƛŎ Ǉммлʴ ǎǳōǳƴƛǘΣ ŜƴŎƻŘŜŘ ōȅ PIK3CG 

gene, which binds to the regulatory subunit p101 and p84/p87 (Jean and Kiger 2014; 

Martini et al. 2014). ¢ƘŜ ŎŀǘŀƭȅǘƛŎ ǎǳōǳƴƛǘǎ ʵ ŀƴŘ ʴ ŀǊŜ Ƴŀƛƴƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ ƭŜǳƪƻŎȅǘŜǎ 

and play a role in the activation of lymphocytes and chemotaxis (Chantry et al. 1997; 

Castillo et al. 2014). Class IA are generally activated by a tyrosine kinase receptor, 

whereas class IB by GPCR (Juss et al. 2012). The different PI3K class I isoforms are spe-

cific and at the same time functionally redundant (Vanhaesebroeck et al. 2010; 

Chaussade et al. 2007) (Table.3). 

PI3K 
Class 

Isoform  Tissue Distri-
bution  

Mouse -/ - Major 
Phenotype  

Function  

IA pρρπɻ Leukocytes and 
ubiquitous 

Embryonic lethal Proliferation, differ-
entiation, survival, 
migration, chemotax-
is, phagocytosis, me-
tabolism  Ðρρπɼ Leukocytes and 

ubiquitous 
Embryonic lethal 

 Ðρρπɿ Leukocytes, 
thymus, breast 

Impaired B cell 
development 

IB Ðρρπɾ Leukocytes, 
thymus, heart, 
endothelium 

Impaired inflam-
ÍÁÔÉÏÎ ɉϹ Ðρρπɿ-/ -: 
severe T cell and 
NK cell defect) 

Cell migration, chem-
otaxis, inflammation 

Table 3   

Tissue distribution and function of different PI3K isoforms. Taken from 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4125533/) (Westin 2014) 

1.5.2 Phosphatase and tensin homolog (PTEN) 

PTEN is a tumor suppressor gene. Its protein product PTEN has cytoplasmic and nu-

clear functions. In the cytoplasm, PTEN main function is of a phosphatase that regu-

lates the PI3K-AKT-mTOR signaling pathway by dephosphorylating PI(3,4,5)P3 into 

PI(4,5)P2 (Tamguney and Stokoe 2007). In the nucleus, it regulates genome integrity, 

controls cell cycle progression, DNA replication and preserves chromatin organization 

(Ho et al. 2020) (Figure.6). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4125533/
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Figure 6   

PTEN cytoplasmic and nuclear functions. CENP-C, centromere protein-C; ERK, extracel-

lular signal-regulated kinase. Taken from 

(https://pubmed.ncbi.nlm.nih.gov/18216329/) (Planchon, Waite, and Eng 2008) 

 

The loss of PTEN can result from monoallelic or biallelic genetic deletion, mutation 

(Lee et al. 2014; X. Wang et al. 2018; Lebok et al. 2015) or from a downregulation of its 

expression caused by aberrant regulatory mechanisms. PTEN is regulated by different 

mechanisms at the transcriptional, post transcriptional, and post translational level, 

which includes: ubiquitylation, phosphorylation, oxidation, acetylation, S-nitrosylation 

and sumoylation (Lee, Chen, and Pandolfi 2018; Wang, Huang, and Young 2015) (Fig-

ure.7). 

https://pubmed.ncbi.nlm.nih.gov/18216329/
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Figure 7   

PTEN expression regulation. (A) At the transcription level, (B) At the post-transcription 

level, (C) At the post-translation level: phosphorylation, ubiquitination, oxidation, 

acetylation, and protein-protein interaction. When phosphorylated PTEN is at a closed 

state and therefore inactivated. BMI-1, B cell-specific Moloney murine leukemia virus 

integration site 1; TGF, transforming growth factor; EVI1, ecotropic virus integration 

ǎƛǘŜ м ǇǊƻǘŜƛƴ ƘƻƳƻƭƻƎΤ LDCмʲΣ ƛƴǎǳƭƛƴ ƭƛƪŜ ƎǊƻǿǘƘ ŦŀŎǘƻǊ мʲΤ /.C-1, c-repeat-binding 

factor 1; EGR-1, early growth response 1; PPAR, peroxisome proliferator-activated re-

ceptors; CBP/p300, CREB binding protein; miR, micro-RNA; P-Rex2, phosphatidylinositol 

(3,4,5)-trisphosphate-dependent Rac exchanger 2; SIPL1, SHARPIN; ROS, reactive oxy-

gen species; NEDD4, neural precursor cell-expressed developmentally downregulated 

gene 4; CK2, casein kinase 2; GSK3, glycogen synthase kinase 3; ROCK, Rho associated 

protein kinase. Taken from 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4712330/) (Wang, Huang, and Young 

2015)  

1.5.3 Protein kinase B (AKT) 

AKT or protein kinase B (PKB) is a serine/threonine kinase that has three isoforms: 

AKT 1, AKT2 and AKT3. AKT is a critical executor of PI3K, which either activates or in-

hibits many different substrates by phosphorylation regulating important cellular func-

tions, such as cell survival, growth and proliferation, glucose hemostasis and metabo-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4712330/
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lism, cell migration and invasion, immunity and angiogenesis (Vasudevan and 

Garraway 2010; Nitulescu et al. 2016) (Figure.8).  

 

Figure 8 

Downstream effectors of AKT. Activated AKT increases cell survival and proliferation, 

protein synthesis, glucose uptake and glycolysis. Taken from 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4750533/) (Nitulescu, et al. 2016) 

1.5.4 Mammalian target of rapamycin (mTOR) 

mTOR is a serine/threonine kinase, which in combination with other proteins forms 

two types of complexes: mTORC1 and mTORC2. Both complexes, in addition to mTOR, 

contain mLST8 (mammalian lethal with Sec13 protein 8). mTORC1 has a regulatory 

protein associated with mTOR or (Raptor) as the third component, while mTORC2 has 

a rapamycin insensitive companion of mTOR or (Rictor) (Wang et al. 2014) (Figure.9). 

mTORC1 is a downstream target of AKT, that facilitates cell growth by promoting pro-

tein, lipid, and nucleotide synthesis and shifts metabolism from oxidative phosphoryla-

tion (OXPHOS) to glycolysis (Ben-Sahra and Manning 2017; Saxton and Sabatini 2017) 

(Figure.10). Ƴ¢hw/нΩǎ Ƴƻǎǘ relevant role is the phosphorylation and activation of AKT. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4750533/


32 

It also has a role in promoting cell proliferation and survival by activating several AGC 

(cAMP-dependent, cGMP-dependent and protein kinase C) family kinases (Saxton and 

Sabatini 2017) . 

 

Figure 9  

 mTORC1 and mTORC2 structures. mLST8, mammalian lethal with Sec13 protein 8; 

mSIN1, mammalian stress-activated protein kinase (SAPK)-interacting protein 1; 

PRAS40, proline rich AKT substrate 40. Taken from  

(https://pubmed.ncbi.nlm.nih.gov/24804240/) (Wang, et al. 2014) 

 

Figure 10 

 mTORC1 signaling pathway. Kinase mTORC1 stimulates glutaminolysis, aerobic glycol-

ysis, lipid synthesis, nucleotide synthesis and protein synthesis. It inhibits autophagy 

and lysosome biogenesis. TFEB, transcription factor EB; ULK, unc-51-like autophagy-

activating kinase; 4E-BP, eukaryotic translation initiation factor 4E-binding protein; 

CAD, Carbamoyl-phosphate synthetase + 2-Aspartate transcarbamoylase + Dihydroro-

tase; ATF4, activating transcription factor 4; SREBP, sterol regulatory element-binding 

proteins; HIF1, hypoxia inducible factor. Taken from  

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5545101/) (Ben-Sahra and Manning 

2017) 

https://pubmed.ncbi.nlm.nih.gov/24804240/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5545101/
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1.6 BCL2 family proteins a downstream target of PI3K-AKT signaling pathway 

AKT is known to inhibit apoptosis by targeting the BCL2 family proteins promoting 

cell survival (Figure 8). The BCL2 family proteins represent a group of molecules that 

regulate cell death by apoptosis. The extent of their expression and binding affinities 

(Table 4) determines their interactions that consequently decide the cell fate (Kale, 

Osterlund, and Andrews 2018).  

 

Table 4 

BCL2 family proteins: antiapoptotic, proapoptotic, activators, sensitizers, and their 

binding affinities. Taken from 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7325303/) (Singh, Letai, and Sarosiek 

2019) 

1.7 B cell receptor (BCR) activates PI3K-AKT signaling pathway 

BCR is composed of a membrane bound immunoglobulin that recognizes antigen 

and is composed of two heavy chains and two light chains. Attached to the immuno-

globulin heavy chain is the signaling entity of BCR, which is a heterodimer composed of 

ƛƳƳǳƴƻƎƭƻōǳƭƛƴ ʰ ŀƴŘ ƛƳƳǳƴƻƎƭƻōǳƭƛƴ ʲ ό/5тф! ŀƴŘ /5тф.ύ (Dong et al. 2022). After 

the antigen binding to BCR a signal transduction is initiated including the PI3K-AKT-

mTOR signaling pathway (Figure 11). 
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Figure 11  

BCR signaling pathway. Upon the antigen binding to BCR, different pathways are acti-

vated: PI3K-AKT-Ƴ¢hwΣ bCˁ.Σ WbY ŀƴŘ w!{-RAF-MAPK pathways, which crosstalk. 

Modified and taken from (https://pubmed.ncbi.nlm.nih.gov/27247756/) (Sharman and 

Di Paolo 2016) 

1.7.1 Bruton’s tyrosine kinase (BTK) 

BTK is an essential executer of BCR signaling pathway that plays a critical role in the 

differentiation, development and activation of B cells (Rip et al. 2021). BTK is also par-

ticipating in the signaling of other receptors that regulate cell migration, adhesion and 

proliferation (Badar et al. 2014). It also promotes B cell survival and disease progres-

sion in different types of B cell lymphomas (Rip, et al. 2021). BTK targeted therapies, 

such as ibrutinib or the more efficient second generation acalabrutinib, have emerged 

in past years (Byrd et al. 2016; Smithson and Schneider 2015). Ibrutinib is, by the US 

Food and Drug Administration (FDA), approved in the treatment of certain  

B cell lymphomas, such as CLL and (R/R) MCL (Stephens and Spurgeon 2015). Even 

though ibrutinib manifested spectacular results in the latter (Wang et al. 2013), certain 

patients are refractory or develop resistance (Stephens and Spurgeon 2015).  

https://pubmed.ncbi.nlm.nih.gov/27247756/
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1.8 Role of constitutive activation of PI3K-AKT signaling pathway in resistance to 

treatment in cancer and mechanisms of overactivation 

Given the major role of PI3K-AKT signaling pathway in regulating several important 

cellular functions as previously mentioned, its aberrant activation is common and fre-

quently observed in a large group of cancers that are usually aggressive and resistant 

to treatment (Jiang et al. 2020).The overactivation of PI3K-AKT signaling pathway by 

inhibiting apoptosis, supporting tumor growth and proliferation via NF- Bˁ, mTORC1, 

mTORC2 and phosphorylation of GSK3ʲΣ ŀƴŘ ǇǊƻƳƻǘƛƴƎ ŀŜǊƻōƛŎ ƎƭȅŎƻƭȅǎƛǎ was shown 

to cause multidrug resistance (MDR) and consequently resistance to chemotherapy in 

different types of malignancies (Liu et al. 2020; Rascio et al. 2021).  One of the most 

reported mechanisms of hyperactivation of PI3K-AKT signaling pathway is loss of PTEN, 

involving different types of cancers, such as glioblastoma, endometrial carcinoma, gli-

oma, prostate adenocarcinoma, bladder cancer and breast cancer. PTEN loss was ei-

ther partial or complete, the latter being linked to poorer outcome (Wang et al. 1997; 

Tashiro et al. 1997; Rasheed et al. 1997; Wang, Parsons, and Ittmann 1998; Cairns et 

al. 1998; Nagata et al. 2004). Other contributing mechanisms are mutations or amplifi-

cation of PI3K catalytic subunits, which were associated with resistance to treatment in 

prostate, cervical, endometrial, colon and breast cancer (Berns et al. 2007; Zhao and 

Vogt 2008; Ikenoue et al. 2005; Q. Wang et al. 2018). AKT alterations, as a cause of 

hyperactivation of PI3K-AKT signaling pathway, have also been reported (Liu, et al. 

2020). The overactivation of PI3K-AKT signaling pathway has been documented in NHL 

as well, which will be discussed next in detail. 

1.9 Mechanisms of overactivation of PI3K-AKT signaling pathway and its role in drug 

resistance in NHL  

The constitutive activation of PI3K-AKT signaling pathway is also frequent and con-

tributing to the pathogenicity and aggressiveness of different types of NHL, and re-

sistance to treatment (Westin 2014) 

1.9.1 MCL  

The mechanisms of overactivation of PI3K-AKT signaling pathway in MCL, namely, 

gain of PIK3CA or loss of PTEN expression, have been investigated in the past several 

years. Rudelius et al. concluded, after investigating a subset of MCL samples, that the 

constitutive activation of PI3K-AKT signaling pathway caused by loss of PTEN and con-
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sequent AKT hyperphosphorylation is involved in the pathogenesis of MCL and was 

mainly observed in the prognostically adverse blastoid variant. On the other hand, no 

PIK3CA mutations were detected in their samples (Rudelius et al. 2006). Furthermore, 

Dal Col et al. pointed out that AKT is constitutively activated in both blastoid variant of 

MCL and to a lesser extent in the typical MCL, and proclaimed that there is a direct 

correlation between the expression of phosphorylated AKT (the active form of AKT) 

and the expression of phosphorylated PTEN on Ser380 (the inactive form of PTEN) (Dal 

Col et al. 2008). Amanda Psyrri et al. reported that gain of PIK3CA gene copy number is 

another mechanism of AKT activation in MCL and that PTEN loss of expression was 

detected in only 15% of cases (Psyrri et al. 2009). According to Iyengar et al., PI3K 

Ǉммлʰ Ƙŀǎ ŀ ǊƻƭŜ ƛƴ a/[ ǇǊƻƎǊŜǎǎƛƻƴ, since its high expression restrained the efficacy 

ƻŦ Ǉммлʵ ǎŜƭŜŎǘƛǾŜ ƛƴƘƛōƛǘƻǊǎ (Iyengar et al. 2013). Karolova et al. 2023 conducted a 

whole-exome sequencing (WES) on samples taken, at diagnosis and after first relapse, 

from 25 patients with MCL. Single PIK3CA copy gain was a frequent finding after re-

lapse (Karolová et al. 2023). The use of different therapeutical agents to target the 

PI3K-AKT signaling cascade has been  investigated in MCL (Forero-Torres et al. 2019; 

Dreyling et al. 2016; Hess et al. 2020; Till et al. 2023; Jiang et al. 2023; Jiang et al. 2019; 

Stewart et al. 2022; Pal et al. 2021). The overactivation of PI3K-AKT signaling pathway 

ŀǎǎƻŎƛŀǘƛƻƴ ǿƛǘƘ ǇŀǘƛŜƴǘǎΩ ŦŀƛƭǳǊŜ ǘƻ ǊŜǎǇƻƴŘ ǘƻ ƛōǊǳǘƛƴƛōΣ ŀ .¢Y ƛƴƘƛōƛǘƻǊ ǳǎŜŘ ƛƴ ǘƘŜ 

treatment of (R/R) MCL, was also reported (Zhao et al. 2017; Guan et al. 2018; Chiron 

et al. 2014). However, the exact impact of PIK3CA upregulation and PTEN loss on biol-

ogy, metabolism, survival and resistance to treatment is still substantially uninvesti-

gated in MCL. 

1.9.2 DLBCL  

The role of overactivation of PI3K-AKT signaling pathway in resistance to chemo-

therapy and targeted therapy such as BTK and BCL2 inhibitors in DLBCL was docu-

mented (Chen et al. 2020; Jain et al. 2020; Choudhary et al. 2015). The mechanisms 

that lead to the over-activation of PI3K-AKT signaling pathway in DLBCL vary between 

the molecular subtypes. In GCB DLBCL loss of PTEN expression is frequent and is seen 

in around 50% of primary cases, whereas in ABC DLBCL it is rather due to constitutive 

activation of BCR. Recurrent mutations of PIK3CA and PIK3CD genes in DLBCL have also 

been documented (Xu, Berning, and Lenz 2021). In one study, PIK3CA amplification and 

PTEN loss were investigated at the DNA level; in 205 samples, PIK3CA amplification 
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was present in 12.7% of cases and PTEN loss in 12.2% of cases (Cui et al. 2017). In an-

other study, PIK3CA amplification was found in 10 out of 60 cases, which represents 

17% of cases (Cui et al. 2014). The clinicopathological significance of PIK3CA amplifica-

tion and PTEN loss including prognosis remains controversial in DLBCL (Cui, et al. 2014; 

Cui, et al. 2017; Fridberg et al. 2007; Wang, et al. 2018). The role of other molecules of 

the PI3K-!Y¢ ǎƛƎƴŀƭƛƴƎ ǇŀǘƘǿŀȅΣ ǎǳŎƘ ŀǎ tLоYʲ ƛƴ ǘƘŜ ǎǳǊǾƛǾŀƭ ƻŦ 5[./[Σ ǊŜƳŀƛƴǎ ǳƴŜȄπ

plored. 
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2 Hypotheses  

2.1 MCL 

PIK3CA gain and PTEN loss are recurrent genetic lesions in MCL and cause hyperac-

tivation of the PI3K-AKT signaling pathway (demonstrated by hyperphosphorylation 

and overactivation of AKT) that lead to complex changes of various aspects of MCL 

biology including changed sensitivity to anti-cancer agents.  

2.2 DLBCL 

A tLоYʲκʵ ƛƴƘƛōƛǘƻǊ AZD 8186, in combination with a dual mTOR inhibitor AZD 2014 

induces lethality in DLBCL cells in vivo. 
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3 Aims and objectives  

3.1 MCL 

The aim of this study is to elucidate the exact role of PIK3CA gene gain and PTEN 

protein loss of function on biology, survival, metabolism, resistance/sensitivity to 

treatment (PI3K, BTK, AKT inhibitors and BH3 mimetics) in MCL, and the mechanisms 

behind, which thus far remained unexplored. The objectives are as follows: 

A. To determine the prevalence of PIK3CA copy number gain and PTEN deletion in MCL 

patients. Confirm/refute the correlation of these aberrations with the hyperphosphor-

ylation/ overactivation of AKT in MCL cell lines and in primary MCL cells.  

B. To confirm/refute that PIK3CA gain and PTEN loss decrease dependence on BCR pro-

survival signaling in MCL and consequently change sensitivity to BTK inhibitors. 

C. To analyze the impact of PIK3CA gain and PTEN loss on metabolism, survival under 

hypoxia, sensitivity/resistance to glycolysis inhibitors, and growth in vivo. 

D. To analyze the effect of PIK3CA gain and PTEN loss on sensitivity/resistance to PI3K-

AKT inhibitors and BH3 mimetics.  

E. To find out if partial loss of PTEN correlates with hyperphosphorylation/ overactivation 

of AKT, decreases dependence on BCR pro-survival signaling, has an impact on sensitiv-

ity/resistance to BTK, BCL2 family, PI3K-AKT, and glycolysis inhibitors. 

3.2 DLBCL 

The aim of this study is to confirm/refute DLBCL dependence ƻƴ tLоY ʲ ƛƴ ǾƛǾƻ. 

The objective is to test the efficacy of AZD 8186 (a PLоY ʲκʵ ƛƴƘƛōƛǘƻǊύ ŀƴŘ !½5нлмп 

(a dual mTOR inhibitor) in monotherapy or in combination in DLBCL patient-derived 

xenograft-bearing mice in vivo. 
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4 Material and methods  

4.1 Cell lines 

UPF1H and UPF19U were established in our laboratory from chemotherapy re-

sistŀƴǘ a/[ ǇŀǘƛŜƴǘΩǎ ƭŜǳƪŜƳƛȊŜŘ ǇŜǊƛǇƘŜǊŀƭ ōƭƻƻŘΦ a/[ ŎŜƭƭ ƭƛƴŜǎ όaLbhΣ ½моуΣ ŀƴŘ 

JEKO-1) were provided by the Deutche Sammlung of Microorganisms and Zellkulturen 

(DSMZ) or the American Tissue Culture Collection (ATCC). Cell lines of MINO, Z138, 

UPF1H, JEKO-1 with PTEN-knock-out (PTEN KO), UPF19U and MINO with PTEN-knock-

down (PTEN KD), and MINO, Z138, UPF19U, UPF1H, JEKO-1 with transgenic overex-

pression of PIK3CA (PIK3CA UP) were created as mentioned below. Cells were cultured 

ƛƴ LǎŎƻǾŜΩǎ ƳƻŘƛŦƛŜŘ 5ǳƭōŜŎŎƻΩǎ medium (IMDM) mixed with 15% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin. The incubator temperature was set at 37°C and 

CO2 at 5%. Cells were sub-cultured every 2-3 days. 

4.2 Patients’ samples (Primary MCL cells) 

Primary MCL cells were isolated from infiltrated bone marrow, infiltrated lymph 

nodes, pleural effusion, malignant ascites and leukemized blood of 32 untreated or 

relapsed/refractory (R/R) MCL patients. Consent was sought from all patients in 

agreement with the (WMA) Declaration of Helsinki. The project was approved by the 

institutional ethics committee of the General University Hospital in Prague under 

number 60/20. 

4.3 Cytotoxic agents 

Specific tLоY ƛǎƻŦƻǊƳ ƛƴƘƛōƛǘƻǊǎΣ ŎƻƳǇǊƛǎƛƴƎ ƛŘŜƭŀƭƛǎƛō όtLоYʵ ƛƴƘƛōƛǘƻǊύΣ ŘǳǾŜƭƛǎƛō 

όtLоYʴκʵ ƛƴƘƛōƛǘƻǊύΣ !½5ууор όtLоYʰκʵ ƛƴƘƛōƛǘƻǊύΣ !½5умус όtLоYʲκʵ ƛƴƘƛōƛǘƻǊύΣ ŀƭǇŜƭƛǎƛō 

όtLоYʰ ƛƴƘƛōƛǘƻǊύΣ ŎƻǇŀƴƭƛǎƛō όǇŀƴ-PI3K inhibitor), BH3 mimetics comprising venetoclax 

(BCL2 inhibitor), S63854 (MCL1 inhibitor), A1155463 (BCL-XL inhibitor), and other 

agents namely AZD 2014 (dual mTOR inhibitor), capivasertib (pan-AKT inhibitor) and 

ibrutinib (BTK inhibitor), were provided by MedChemExpress. 2-Deoxy-D-Glucose (2-

DG, inhibitor of glycolysis) was purchased from SIGMA. 
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4.4 Antibodies used in Western blot and co-immunoprecipitation: 

PIK3CA (#4249), PTEN (#5384), phospho-PTEN ser380 (#9551), total AKT (#9272), 

phospho-AKT ser473 (#4060), FOXO3A (#12829), phospho-FOXO3A ser253 (#9466), 

GSK3-ʲ όІмнрссύΣ ǇƘƻǎǇƘƻ-GSK3-ʲ ǎŜǊф όІфоосύΣ .La όІнфооύΣ .L5 όІнллнύΣ .!Y 

(#12105), BAX (#2774), BCL-XL (#2764), MCL1 (#39224), phospho-BAD ser136 (#9295), 

BCL2 (#4223), ŀƴŘ ILCмʰ όІмпмтфύ ǿŜǊŜ ŦǊƻƳ /Ŝƭƭ {ƛƎƴŀƭƛƴƎ ǘŜŎƘƴƻƭƻƎȅΦ ɰ-Actin 

(#6276), c-MYC (#32072)Σ ʰ-Tubulin (#7291), and BCL-XL (#32370) were from ABCAM. 

BCL2 (#610539) was from BD Transduction Laboratories. GAPDH (#G8795) was from 

SIGMA. BAD polyclonal (#PA5-11403) was from Thermo Fisher Scientific. NOXA poly-

clonal (#2437) was from ProSci. 

4.5 Cytogenomic analysis 

Based on material availability, either interphase fluorescence in situ hybridization (I-

FISH) or array-comparative genomic hybridization/single-nucleotide polymorphism 

(aCGH/SNP) were carried out to determine the copy number changes of PIK3CA, PTEN 

and TP53 genes.  

4.5.1 Interphase fluorescence in situ hybridization (I-FISH) 

As ǎǇŜŎƛŦƛŜŘ ōȅ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ƛƴǎǘǊǳŎǘƛƻƴǎΣ L-FISH analyses were conducted us-

ing the commercially available DNA probes SPEC PIK3CA/CEN 3 DC (ZytoVision GmbH, 

Bremerhaven, Germany), Vysis LSI PTEN/CEP 10 and Vysis LSI TP53 (17p13.1)/CEP 17 

(Abbott Molecular, Des Plaines, IL, USA). Not less than 200 interphase nuclei were ex-

amined by two different observers. The cut off levels for positive values were estab-

lished based on the analysis of samples taken from 10 cytogenetically normal persons 

and were found to be 2.5% (mean ± 3SD) for gains (trisomies, amplifications) and 5.0% 

(mean ± 3SD) for losses (deletions, monosomies).  

4.5.2 Single nucleotide polymorphism (SNP)/ array comparative genomic hybridization 

(aCGH) 

SurePrint G3 Cancer CGH+SNP Microarray, 4x180K (Agilent Technologies, Santa 

Clara, USA) kit was used to carry out aCGH/SNP analyses. To isolate genomic DNA from 

bone-marrow cells preserved in fixative, the QIAamp DNA Blood Mini Kit (Qiagen Inc., 

Hilden, Germany) was utilized. Using NanoDrop 2000 spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA), the quality and concentration of isolated DNA were 

verified. A microarray scanner system (G2565CA, Agilent Technologies) was used to 
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scan array slides that were analyzed using Agilent Cytogenomics v5.2.0.20 software 

(Agilent Technologies). 

 

4.6 Generation of cell lines with PTEN knock out, PTEN knock down, and B cell 

receptor knock out  

4.6.1 PTEN Knock out (KO)/ PTEN Knock down (KD) 

Using CRISPR/Cas9 system, PTEN KO was created precisely as previously described 

(Havranek et al. 2017). In brief, a double strand DNA cut was integrated at the PTEN 

translation initiation site and a repair template plasmid for homologous repair (HR) 

based insertion of GFP-STOP-pA DNA sequence was provided. Accordingly, GFP (green 

fluorescent protein) is expressed instead of PTEN and functions as a marker for viable 

PTEN Yh ŎŜƭƭǎ ǎƻǊǘƛƴƎΦ ! άǇŀƛǊŜŘ ƴƛŎƪŀǎŜǎέ ŀǇǇǊƻŀŎƘ (Ran et al. 2013) was used to gen-

erate double strand DNA break at the PTEN translation initiation site. PTEN target se-

quences (PTEN_1 TTGACCTGTATCCATTTCTGCGG and PTEN_2 TTGATGATGGCTGTCATG-

TCTGG) were cloned into a chimeric plasmids pX335-U6-Chimeric_BB-CBh-hSpCas9n 

(D10A), coding for Cas9 D10A as well as gRNA (Addgene plasmid #42335)(Cong et al. 

2013) which were then co-electroporated with the previously described HR repair 

template plasmid (Havranek, et al. 2017). GFP positive/PTEN KO cells were bulk sorted. 

We confirmed the complete loss of PTEN in UPF1H, Z138, and JEKO-1 by western blot. 

In MINO and UPF19U the KO was heterozygotic showing decreased expression of PTEN 

in these two cell lines representing MINO PTEN KD and UPF19U PTEN KD. To obtain 

pure MINO PTEN KO we carried out a single cell sorting on MINO PTEN KD cell line.  

GFP was knocked out using comparable CRISP/Cas9 system with single GFP target se-

quence (GGGCGAGGAGCTGTTCACCGGGG) cloned into a pX330-U6-Chimeric_BB-CBh-

hSpCas9 (Addgene plasmid # 42230, coding for Cas9 and for gRNA)(Cong, et al. 2013) 

for the subsequent measurement of AKT activity (described later). For further anal-

yses, GFP negative PTEN KO/PTEN KD cells were purified by sorting (Henderson et al. 

2021).  

4.6.2 B cell receptor knockout (BCR KO) 

BCR KO cells were created as previously mentioned (Havranek, et al. 2017). gRNAs 

targeting the constant region of immunoglobulin heavy (IgH) chain of cell line specific 
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BCR isotype were used. The previously described px330 plasmid having the following 

IgH M target sequence for all tested cell lines: AGATGAGCTTGGACTTGCGGGGG was 

used. Beginning three days after electroporation, the growth, and the change of BCR 

KO cell proportion in the cell culture was measured using flow cytometry (anti-human 

IgM FITC antibody, ThermoFisher Scientific #H15001 was used for BCR staining). 

4.7 Generation of cell lines with PIK3CA overexpression/AKT activity reporter 

expression 

For stable overexpression of PIK3CA and expression of AKT activity reporter (see 

later) in selected cell lines (Havranek, et al. 2017; Prukova et al. 2019), sleeping beauty 

transposon system was used comparably as before (Kowarz, Loscher, and Marschalek 

2015). In short, pSBbi Pur (Addgene plasmid #60523)(Kowarz, Loscher, and Marschalek 

2015) donor plasmid was used to clone WT PIK3CA cDNA. To clone the AKT activity 

reporter either pSBbi-Pur (Addgene plasmid #60523)(Kowarz, Loscher, and Marschalek 

2015) or pSBbi-Neo (Addgene plasmid #60525)(Kowarz, Loscher, and Marschalek 2015) 

donor plasmids were used. These donor plasmids (6 µg) were co-electroporated with 4 

µg of transposase coding plasmid pCMV(CAT)T7-SB100 (Addgene plasmid 

#34879)(Mates et al. 2009). The cells were then cultured for three days without antibi-

otics after which selection was started using appropriate antibiotics with the following 

concentrations: geneticin at final concentration of 200 µg/mL, and puromycin at final 

concentration of 2 µg/mL.  

4.8 Cell lines transfection 

Electroporation was performed to introduce all the plasmids, according to the man-

ǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ όbŜon, ThermoFisher Scientific). For the 100 µl electroporation 

system 1.2 million cells per sample were used. First cells were washed only once by 

PBS then resuspended in 120 µl of electroporation R buffer together with plasmid DNA 

with the following concentrations (12 µg for single KO plasmid for GFP and BCR KO; 5 + 

5 + 5 µg for three plasmids necessary for PTEN KO GFP KI; and 6 + 4 µg for sleeping 

beauty donor and transposase plasmids, respectively, for stable overexpression) to 

conduct the electroporation. In 3 ml of appropriate cell culture media, not containing 

antibiotics, cells were resuspended for subsequent selection and analysis. Appropriate 

electroporation conditions were set for each cell line and were as follows (voltage, 

pulse length, number of pulses): UPF1H 1500V, 10ms, 3 pulses; UPF19U 1500V, 10ms, 
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3 pulses; Jeko-1 1500V, 20ms, 1 pulse; Z138 1600V, 20ms, 1 pulse; Mino 1300V, 30ms, 

1 pulse.  

4.9 Measurement of AKT activity in live cells  

4.9.1 Förster resonance energy transfer (FRET) measurement 

As developed and used before, a genetically encoded FRET biosensor was used to 

measure AKT activity in live cells (Havranek, et al. 2017; Henderson, et al. 2021). The 

AKT activity reporter (Lyn-Akt AR2-EV, Addgene plasmid #125199) is structured as fol-

lows: cell membrane targeting sequence (from Lyn) - mCerulean3 - FHA1 phospho-

amino acid binding domain ς EV flexible linker ς part of FOXO domain (naturally phos-

phorylated by AKT) - cpVenus[E172]. When FOXO domain is phosphorylated by AKT it 

binds to FHA1 domain and this leads to a change in the reporter confirmation, and 

subsequently increase in FRET. As previously published,  flow cytometry for FRET 

measurement in living cells was used together with in house R package (fRet) to calcu-

late the absolute FRET efficiency (E) values that reflect the AKT activity(Havranek, et al. 

2017; Henderson, et al. 2021). FRET measurement and calculations were carried out 

according to the fRet package manual using cells that express suitable calibration con-

trols: mCerulean3 only, cpVenus[E172] only, FRET high control, and FRET low control 

(to calculate necessary set up dependent coefficients for each individually performed 

experiment)(Henderson, et al. 2021). 

4.9.2 Comparison of AKT activity between PTEN KO/PTEN KD/PIK3CA UP and 

parental cell lines   

To compare cell lines with PTEN KO, PTEN KD or PIK3CA UP to their parental cell 

lines, 500 000 cells per sample were resuspended in fresh media and incubated for one 

hour. The incubator temperature was 37°C with a CO2 concentration of 5%. Right away 

after removal from the incubator, FRET was measured for each sample using flow cy-

tometry (Cytoflex, Beckma Coulter).  

4.9.3 Measurement of AKT activity after Ibrutininb  

To carry out AKT activity measurement after ibrutinib treatment, 500 000 cells per 

sample were resuspended, directly in flow cytometry tubes, in a total amount of 3ml 

of culture media. Added Ibrutinib concentration was of 0.1µM and 1µM. Cells were 

incubated at 37°C with 5% of CO2 concentration for 3 hours. FRET was measured for 
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each sample immediately after removal from the incubator using flow cytometry (Cy-

toflex, Beckma Coulter).  

4.10 Measurement of cell proliferation   

Water-soluble-tetrazolium-salt (WST-8) based cell proliferation assay was used to 

measure proliferation according to the manufacturer´s instructions. On day 1, accord-

ing to proliferative capacity, 50 000 cells of MINO (WT, PIK3CA UP, PTEN KO, PTEN KD), 

50 000 cells of Z138 (WT, PIK3CA UP), 60 000 cells of UPF1H (WT, PIK3CA UP, PTEN KO) 

and 100 000 cells of UPF19U (WT, PIK3CA UP, PTEN KD) were resuspended in 0.3ml of 

fresh medium and pipetted into 96-well plate. Treatments were added on the same 

day with the following concentrations, PI3K and AKT inhibitors were added at concen-

ǘǊŀǘƛƻƴǎ м ŀƴŘ мл ˃a όŎƻǇŀƴƭƛǎƛō ŀǘ лΦлм ŀƴŘ лΦмл ˃aύΣ ŀƴŘ .¢Y ƛƴƘƛōƛǘƻǊ όƛōǊǳǘƛƴƛōύ ŀǘ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ лΦм ŀƴŘ м ˃aΦ ¢ƘŜ фс-well plate was placed in a regular incubator, with 

CO2 concentration of 5% and temperature of 37°C, for 72 hours, after which WST-8 

reagent from Quick Cell Proliferation Assay Kit (BioVision) was added for a further 3 

hour incubation under the same conditions as previously mentioned. Enzyme-linked-

immunosorbent assay (ELISA) reader was used to measure the absorbance of samples. 

The proliferation curve was calculated as previously reported (Klanova et al. 2014).  

4.11 Measurement of apoptosis  

Using the standard annexin-V / propidium iodide (PI) assay apoptosis was meas-

ured. On day 1, 100 000 cells were resuspended in 0.3ml of fresh medium and pipetted 

into 96-well plate. Each drug was added at three different concentrations: BH3 mimet-

ics όǾŜƴŜǘƻŎƭŀȄΣ {соурпΣ !ммррпсоύ ŀǘ лΦлмΣ лΦмл ŀƴŘ м ˃M, and 2DG (an inhibitor of 

glycolysis) at 2.5, 5.0 and 7.5 mM. The 96-well plate was placed in a regular incubator, 

with CO2 concentration of 5% and temperature of 37°C, for 24 hours, after which cells 

were washed in PBS. To detect apoptotic and necrotic cells, annexin V FITC (Exbio) was 

added, and the plate was incubated on ice for 20 minutes after which, PI (Sigma) was 

added. The measurements were conducted by flow cytometry (BD FACS CANTO II). The 

percentage of necrotic and apoptotic cells was calculated as previously reported 

(Prukova, et al. 2019).  
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4.12 Western blotting 

Biological duplicates were prepared from each cell line. Samples were lysed in Ripa 

lysis buffer (150mM NaCl, 0.1% SDS, 1mM EDTA, 0.5% Sodium Deoxycholate, 1% Triton 

X-100, pH 7.4). A protease (Sigma) and a phosphatase inhibitor (Roche) were added. 

The ratio was 1:3, where one represents the sample volume and three the volume of 

Ripa lysis buffer containing the protease and phosphatase inhibitors. Samples were 

incubated for about half an hour on ice, then centrifuged at a high speed for 15 

minutes. The supernatant was collected, and the protein concentration was deter-

mined using Pierce BCA Protein Assay (Thermo Fisher Scientific). To prepare samples 

ŦƻǊ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΣ мл˃Ǝ ƻŦ ŜŀŎƘ ǇŀǘƛŜƴǘΩǎ ǎŀƳǇƭŜ ŀƴŘ нл˃Ǝ ƻŦ ŜŀŎƘ ŎŜƭƭ ƭƛƴŜΩǎ ǎŀƳπ

ple were mixed with laemelli sample buffer (Bio-Rad) containing mercaptoethanol with 

a ratio of 9:1 and boiled for 5 minutes at 95°C. Samples were then separated using 

different SDS-PAGE gel concentrations: 10%, 12% and 15% to be able to detect all pro-

ǘŜƛƴǎ ƻŦ ƛƴǘŜǊŜǎǘΦ ¢ƘŜ ƭƻŀŘƛƴƎ ǾƻƭǳƳŜ ǿŀǎ мл˃ƭ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜΦ 9ƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǿŀǎ 

run for approximately 2.5 hours at 120V to obtain better separation of bands. To allow 

ŎƻƳǇƭŜǘŜ ǘǊŀƴǎŦŜǊ ƻŦ ǇǊƻǘŜƛƴǎ ŦǊƻƳ ǘƘŜ ƎŜƭ ǘƻ ǘƘŜ лΦнн˃a t±5C ƳŜƳōǊŀƴŜ όŀŘǾŀƴǎǘŀύΣ 

blotting was run for 50 minutes at 100V. Afterwards, each membrane was rinsed three 

times in 1xPBS containing 0.1% Tween-20, and then incubated for 1 hour in 1xPBS con-

taining 0.1% Tween-20 and 10% non-fat dried milk. Used primary antibodies were di-

luted at different concentrations according to the provider instruction and own experi-

ence into 1xPBS containing 0.1% Tween-20 and 2% non-fat dried milk. Next, each 

membrane was incubated with a primary antibody overnight. The following day, the 

membrane was removed from the primary antibody solution, washed three times in 

1xPBS containing 0.1% Tween-20, and was incubated with the secondary antibody (an-

ti-mouse or anti-rabbit), diluted in the same solution used for the primary antibodies, 

for 30 minutes. To detect bands, WesternBright ECL HRP substrate (advansta) was 

used. All membranes were imaged by ChemiDocTMMP Imaging system (BioRAD). 

4.13 Co-immunoprecipitation (Co-IP) assay 

On day 1, the beads were prepared. For each sample 30µl of 50% beads slurry (pro-

tein A/G agarose from Sigma-Aldrich) was washed three times in 300µl ice-cold PBS, 

then PBS was removed, and beads were mixed again with another 500µl of PBS to-

gether with 10% BSA, and incubated on a rotator for 1 hour at 4°C. Afterwards, 1µg of 

BCL2 (#783) and 1µg of an isotype control rabbit polyclonal IgG (Calbiochem) antibod-
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ies were added separately to each sample beads for the first coimmunoprecipitation  

and 1µg of BCL-XL (#32370) and 1µg of ,the previously used, isotype control rabbit pol-

yclonal IgG antibodies were added separately to each sample beads for the second 

coimmunoprecipitation.  Next, sample beads were incubated with the antibodies on a 

rotator overnight at 4°C. On day 2, the beads were centrifuged, the supernatant was 

removed, and then washed twice in 1ml of non-denaturing lysis buffer (composition 

see later). Meanwhile the lysates of samples were being prepared as follows: an ice-

cold non-denaturing lysis buffer [1% (w/v) Triton X-100], 50mmol/l Tris-HCl (pH 7.4), 

300mmol/l NaCl, 5mmol/l EDTA, 0.02% (w/v) sodium azide (Klanova et al. 2016) mixed 

with protease inhibitor (Sigma) was pipetted into samples, which were then resus-

pended and incubated  for 25 minutes on ice. The lysates were cleared by centrifuga-

tion at speed 16 000 × g and temperature 4°C for 15 minutes. After pre-clearing the 

samples with the same ōŜŀŘǎΩ slurry used above to remove endogenous IgG, the pro-

tein concentration was determined using Pierce BCA Protein Assay (Thermo Fisher 

Scientific). To conduct the immunoprecipitation, we added 0.5 mg concentrated 

cleared lysate and 10µl of 10% BSA to both specific i.e. anti-BCL2 or anti-BCL-XL and 

their control (IgG) counting beads, the samples were then incubated at 4°C for 60 

minutes on a rotator, after which they were centrifuged at a speed of 16 000 × g and 

temperature of 4°C for few seconds. The supernatant was discarded. The immunopre-

cipitates were washed three times in a wash buffer and once in PBS to be ready for 

SDS-PAGE electrophoresis. The samples were mixed with laemelli sample buffer (Bio-

Rad) containing mercaptoethanol with a ratio of 9:1, then boiled for 5 minutes at 95°C, 

and pipetted (in biological duplicates) into 15% gel.   After Blotting and blocking mem-

branes for 1 hour in 1xPBS containing 0.1% Tween-20 and 10% non-fat dried milk, pri-

mary anti-BIM, anti-BAD, anti-BID, anti-BAK, and anti-BAX antibodies were used to 

target the immunoprecipitated BCL-XL and BCL2. The incubation was overnight at 4°C. 

The addition of secondary antibodies and visualization of bands were conducted simi-

larly to what was mentioned above section Western blotting.  

4.14 In vitro assays under hypoxia  

On the first day of experiment, 450 000 cells were taken from each cell line and 

were resuspended in 3ml of fresh medium, which were then loaded into two separate 

6-well plates. One plate was placed in a regular incubator with an O2 concentration of 

20% representing normoxic conditions, and one plate was placed in a special hypoxic 
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box with an O2 concentration of 1% mimicking hypoxic conditions. After 72 hours of 

incubation, the samples were taken from both plates, washed into PBS and prepared 

to undergo apoptosis assay, which was carried out in a similar way as mentioned be-

fore.  

4.15 Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) 

assays 

OCR and ECAR measurements were implemented using a Seahorse XFe96 analyzer 

(Agilent Technologies). On day 1, 50 000 cells resuspended in Seahorse base RPMI me-

dium were seeded per well on XFe96 cell culture microplates covered with Cell-Tak 

(Corning) and incubated for 1hour at 37C, without CO2Φ ¢ƘŜ ōŀǎŜ ƳŜŘƛǳƳ όмул˃ƭκǿŜƭƭύ 

was mixed with 500mM pyruvate, 2mM L-glutamine, 10mM glucose for OCR meas-

urement, and with 2mM L-glutamine for ECAR measurement.  

4.15.1 OCR 

The mito stress test was conducted by a series of injections, first with м ˃M of oli-

gomycin (ATP synthase inhibitor), then with н ˃a ƻŦ CCCP (Mitochondrial uncoupler), 

ŦƻƭƭƻǿŜŘ ōȅ лΦр ˃a ƻŦ ŀ ƳƛȄǘǳǊŜ ŎƻƳǇƻǎŜŘ of antimycin and rotenone (inhibitors of 

RCIII and RCI). After each injection, OCR measurement was taken. Following the assay, 

cells were stained with Hoechst and counted using Cytation5 instrument. OCR values 

were normalized to the same cell number.  

4.15.2 ECAR 

The glycolytic stress test was carried out by a series of injections, beginning with 

10mM of glucose (substrate of glycolysis), succeeded by 1 ˃ a oligomycin (inhibitor of 

ATP synthase), and 50 mM 2-deoxy-D-glucose (Glycolysis inhibitor). After each injec-

tion ECAR was measured.  At the end of the assay, cells were stained and counted in 

similar way as for OCR. ECAR values were normalized to the same cell number.  

4.16 In vivo experiments 

To carry out in vivo experiments, 6ς8-week-old female nonobese diabetic (NOD.Cg-

Prkdc) severely combined immunodeficient Il2rgtm1Wjl/SzJ (NSG; Jackson Laboratory, 

Bar Harbor, ME, USA) mice were used. To perform all animal experiments, the consent 

was obtained from the institutional Animal Care and Use Committee, and from the 
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Research and Higher Education section of the Ministry of Education, Youth and Sports 

of the Czech Republic, under the number MSMT-37957/2020-3. 

4.16.1 MCL 

5x106
 cells of MINO, MINO PIK3CA UP, MINO PTEN KO, UPF1H, UPF1H PIK3CA UP 

and UPF1H PTEN KO were injected subcutaneously. Each cell line was injected into 5-6 

ƳƛŎŜΦ !ŦǘŜǊ ǘƘŜ ƳƛŎŜ ŘŜǾŜƭƻǇŜŘ ǇŀƭǇŀōƭŜ ǘǳƳƻǊǎΣ ǘƘŜ ǘǳƳƻǊǎΩ ǎƛȊŜ ǿŀǎ ƳŜŀǎǳǊŜŘ ƛƴ о 

dimensions every other day. ¢ƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ǘǳƳƻǊ ǾƻƭǳƳŜΣ ǘƘŜ ŦƻǊƳǳƭŀΥ ± Ґ ˉκс Ҏ 

(length × width × height) was used. 

4.16.2 DLBCL 

Four animal models were established. Two cell line derived xenografts (CDX): ABC 

(OCI-Ly10) DLBCL and GCB (K422) DLBCL, and two patient derived xenografts (PDX): 

WEHA model generated using cells from a refractory GCB DLBCL patient and KTC mod-

el generated using cells from a refractory non-GCB DLBCL patient. As soon as the mice 

developed palpable subcutaneous tumors, they were randomly divided into the fol-

lowing groups: control and treated 1) with AZD2014 (4 times/day, per oral, 15mg/kg), 

2) with AZD8186 (2 times/day, per oral, 50mg/kg), 3) with AZD2014+AZD8186. Blinding 

was not applied. Both inhibitors were mixed with 0.5% HPMC / 0.1% Tween 80. For 

each mouse, three perpendicular dimensions measurements of tumor were taken eve-

Ǌȅ Řŀȅ ǳǎƛƴƎ ŀ ŎŀƭƛǇŜǊΦ ¢ƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ǘǳƳƻǊ ǾƻƭǳƳŜΣ ǘƘŜ ŦƻǊƳǳƭŀΥ ± Ґ ˉκс Ҏ όƭŜƴƎǘƘ Ҏ 

width × height) was used. To determine the toxicity of these treatments, the mice 

were weighed every day (Xu et al. 2023). 

4.17 Statistical analysis 

Evaluations of flow cytometry results were realized using Flow-Jo software. The 

densitometric analysis was performed using Image-Lab Bio-Rad-6.1 software. For 

quantification total adjusted band volume values were used. The numbers of technical 

ƻǊ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜǎ ŀǊŜ ƳŜƴǘƛƻƴŜŘ ƛƴ ǘƘŜ ŦƛƎǳǊŜǎΩ ƭŜƎŜƴŘǎΦ ¢ƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛπ

cance of experiments ǿŀǎ ŀǎǎŜǎǎŜŘ ǳǎƛƴƎ ŜƛǘƘŜǊ ǳƴǇŀƛǊŜŘ ǎǘǳŘŜƴǘΩǎ ǘ-test or ordinary 

one-way ANOVA test (GraphPad Prism-10). P-value < 0.05 represents statistical signifi-

cance. 
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The methods that I personally carried out are: 

¶ maintenance of cells in culture 

¶ Western blotting 

¶  Coimmunoprecipitation  

¶ Apoptotic assay 

¶ Proliferation assay 

¶ In vitro assay under hypoxia  

¶ In vivo experiments 

¶ Statistical analysis of the personally carried-out experiments 

 

Signature of supervisor, Prof. MUDr. Pavel Klener, Ph.D:  
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5 Results  

5.1 PIK3CA copy number gain is a common aberration in patients with MCL whereas 

PTEN gene deletion is less common and rather monoallelic 

The frequency of PIK3CA copy number variants, and PTEN deletions was deter-

mined by fluorescence in situ hybridization (FISH) and array comparative genomic hy-

bridization (aCGH) analyses carried out on 61 newly diagnosed a/[ ǇŀǘƛŜƴǘǎΩ samples. 

Approximately 43% of patients had single copy gain of PIK3CA gene, and seven percent 

of them had monoallelic deletion of PTEN. One case carried both aberrations. The cor-

relation between TP53 deletion and PIK3CA gain was statistically estimated showing no 

obvious association between their occurrences. Due to the small number of cases with 

PTEN deletion, the correlation between PTEN deletion and TP53 deletion could not be 

determined, however, all cases with PTEN deletion had simultaneously TP53 deletion 

(Table.5). 
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Table 5  

FISH and aCGH. 26 cases out of 61 have PIK3CA gain, 4 cases have monoallelic deletion 

of PTEN, and 23 cases have TP53 deletion. 
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5.2 Confirmation of PIK3CA overexpression and PTEN partial/ complete loss of 

expression in PIK3CA UP and PTEN KD/ PTEN KO cell lines 

A western blot analysis was performed to confirm the overexpression of PIK3CA in 

MINO, Z138, UPF1H, UPF19U and JEKO-1 PIK3CA UP cell lines, and the loss of PTEN 

expression in MINO, Z138, UPF1H and JEKO-1 PTEN KO cell lines (Figure.12 A, B). 

UPF19U PTEN Knock-down (PTEN KD) and MINO PTEN KD manifested a decreased ex-

pression of PTEN (Figure.12 C).  

 

Figure 12  

Western blot. (A, B) PIK3CA overexpression in MINO PIK3CA UP, Z138 PIK3CA UP, 

UPF1H PIK3CA UP, UPF19U PIK3CA UP and JEKO-1 PIK3CA UP, and PTEN loss in MINO 

PTEN KO, Z138 PTEN KO, UPF1H PTEN KO and JEKO-1 PTEN KO. In (A), each sample is 

represented by a biological duplicate. (C) PTEN down regulation in UPF19U PTEN KD 

and MINO PTEN KD. For MINO vs MINO PTEN KD each sample is represented by a bio-

logical duplicate. 



54 

5.3 PTEN complete loss but not PIK3CA overexpression is accompanied by hyper-

phosphorylation of AKT  

All PTEN KO cell lines, excluding JEKO-1, had hyperphosphorylation of AKT, an es-

sential kinase downstream of PI3K. On the other hand, PIK3CA overexpression was not 

associated with increased expression of phosphorylated AKT (Figure.13 A, B). UPF19U 

PTEN KD and MINO PTEN KD ŘƛŘƴΩǘ ŜȄƘƛōƛǘ ƘȅǇŜǊǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ !Y¢ ƛƴ ŎƻƳǇŀǊƛǎƻƴ 

with the parental cell lines (Figure.13 C).  

 

Figure 13  

Western blot. (A, B) Hyperphosphorylation of AKT is observed in all PTEN KO cell lines 

except JEKO-1. In (A), each sample is represented by a biological duplicate. (C) UPF19U 

PTEN KD and MINO PTEN KD do not show hyperphosphorylation of AKT. For MINO vs 

MINO PTEN KD each sample is represented by a biological duplicate. 



55 

5.4 PTEN loss but not PIK3CA overexpression shows overactivation of AKT 

All PTEN KO and all PTEN KD cell lines had a significantly increased AKT activity by 

FRET assay (Figure. 14 A) whereas transgenic overexpression of PIK3CA was associated 

with variable paradoxical non conclusive changes in AKT activity (Figure.14 B) 

 

Figure 14 

FRET assay. (A) Increased AKT activity in all PTEN KO/ PTEN KD cell lines. (B) Variable 

AKT activity among PIK3CA UP cell lines. Each sample is represented by technical tripli-

ŎŀǘŜǎΦ άƴǎέΣ άƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘέΤ ϝϝ ǇғлΦлмΣ ϝϝϝ ǇғлΦллмΣ ϝϝϝϝ ǇғлΦлллмΦ 

5.5 Lower PTEN expression is associated with hyperphosphorylation of AKT in 

primary MCL samples  

To figure out the level of PTEN expression and its association with AKT phosphoryla-

tion in primary MCL cells, western blot was carried out investigating 32 samples taken 

from patients with newly diagnosed or relapsed MCL. ¢ƘǊŜŜ ǎŀƳǇƭŜǎ ŘƛŘƴΩǘ ŜȄpress 

PTEN (S13, 30, and 31) (Figure.15). S13 and S30 had no genetic deletion of PTEN by 

FISH, indicating the presence of other mechanisms that drastically lowered PTEN pro-
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tein expression. On the other hand, samples S29 and S31 which manifested any kind of 

PTEN genetic copy number loss had low or no PTEN expression. We also observed that 

10 out of 32 samples, which represents 31% (S3, 6, 15, 16, 19, 20, 24, 30, 31, and 32), 

had decreased or no PTEN expression accompanied by increased AKT phosphorylation. 

Not all cases showing lower PTEN expression had higher AKT phosphorylation. There 

was no correlation between the expression of phosphorylated PTEN (the inactive form) 

and the level of AKT phosphorylation (Figure.15). 

 

 

 

 

Figure 15  

Western blot. Samples number 13, 30, and 31 had undetectable PTEN expression. Sam-

ples number 3, 6, 15, 16, 19, 20, 24, 30, 31, and 32 demonstrate a lower expression of 

PTEN and hyperphosphorylation of AKT. Sample Z138 represents positive control. 

5.6 AKT hyperphosphorylation is not associated with increased phosphorylation of 

FOXO3A  

Western blot analysis was conducted to determine the likely correlation between 

the hyperphosphorylation of AKT and the increased phosphorylation of FOXO3A, a 

known target of activated AKT. The level of phosphorylated FOXO3A remained un-

changed regardless of AKT phosphorylation status (Figure.16).  
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Figure 16 

Western blot. Comparing PTEN KO cell lines to their parental counterparts, no differ-

ences are detected in FOXO3A phosphorylation status. Each sample is represented by a 

biological duplicate. 

5.7 PTEN loss and PIK3CA overexpression decrease dependence of MCL cells on pro-

survival signaling from BCR 

Since PIK3/AKT signaling is possibly largely activated from BCR in lymphomas 

(Havranek et al. 2014; Xu, Berning, and Lenz 2021), the possibility, that loss of PTEN or 

overactivation of PIK3CA could decrease dependence of MCL cells on the upstream 

BCR mediated PI3K-AKT activation, was investigated. To accomplish this, cell lines with 

an extra knockout of BCR from three PTEN KO cell lines (MINO, UPF1H and JEKO-1 ς 

PTEN/BCR KO cell lines), one PTEN KD (MINO-PTEN KD/BCR KO), and three PIK3CA UP 

cell lines (MINO, UPF1H and JEKO-1 - PIK3CA UP/BCR KO cell lines) were derived. Com-

plete but not partial loss of PTEN decreased dependence on the pro-survival signaling 

from BCR in all tested cell lines (Figure.17).  
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Figure 17 

PTEN KO but not PTEN KD increases survival of BCR KO MCL cells. Each sample is repre-

sented by biological triplicates. Data are represented as means ± SD. 

 

Interestingly, two out of three tested PIK3CA UP/BCR KO cell lines (MINO and JEKO-

1, but not UPF1H) demonstrated decreased dependence on pro-survival signaling from 

BCR, however to a lesser extent than PTEN/BCR KO cell lines (Figure.18). 

 

 

 

 

Figure 18 

PIK3CA gain in MINO and JEKO-1, but not in UPF1H, increases survival of BCR KO MCL 

cells. Each sample is represented by biological triplicates. Data are represented as 

means ± SD. 
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Concerning the other MCL cell lines used in this study, Z138 cells are BCR independ-

ent and UPF19U cells do not express BCR (Figure.19).  

 

Figure 19  

Z138 cells are BCR independent. Each sample is represented by biological triplicates. 

Data are represented as means ± SD. 

5.8 PTEN loss but not PIK3CA overexpression overcomes Ibrutinib mediated decrease 

of AKT activity in MCL cells  

Since PTEN KO cell lines exhibited hyperphosphorylation of AKT, and demonstrated 

decreased dependence on BCR pro-survival signaling, we decided to investigate the 

impact of PTEN loss on MCL response to BCR signaling targeted therapy. An example of 

such drugs are the popular BTK inhibitors (Garg et al. 2022). Ibrutinib is a BTK inhibitor 

that was proved to acutely inhibit AKT (Kapoor et al. 2019). Thus, we measured AKT 

activity following ibrutinib treatment in PTEN KO, PTEN KD, and PIK3CA UP cell lines 

using the genetically encoded FRET-based AKT activity biosensor. Even though there 

was a significant decrease in AKT activity after ibrutinib in both PTEN KO cell lines and 

parental cell lines, AKT activity remained higher in PTEN KO cell lines compared to pa-

rental cell lines (Figure.20 A, B). The same was observed for MINO PTEN KD cell line at 

ibrutinib concentration of 0.1 µM (Figure.20 C). This suggests that loss of PTEN is likely 

to cause ibrutinib resistance.  
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Figure 20 

FRET assay. (A, B) AKT activity after ibrutinib (3 hours exposure) is higher in PTEN KO 

cell lines in comparison with the parental cell lines, represented by CTRL. (A) MINO and 

UPF1H: measurements carried out the same day (B) JEKO-1, Z138 and UPF19U: meas-

urements carried out on different days (C) AKT activity after 0.1 µM ibrutinib (3 hours 

exposure) remains higher in MINO PTEN KD compared to parental cells represented by 

CTRL. DMSO used as control. 9ŀŎƘ ǎŀƳǇƭŜ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ōƛƻƭƻƎƛŎŀƭ ǘǊƛǇƭƛŎŀǘŜǎΦ άƴǎέΣ 

άƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘέΤ ϝ ǇғлΦлрΣ ϝϝ ǇғлΦлмΣ ϝϝϝ ǇғлΦллмΣ ϝϝϝϝ ǇғлΦлллмΦ 
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The same experiment was carried out for PIK3CA UP cell lines. AKT activity was un-

changed or paradoxically lower following ibrutinib treatment in PIK3CA UP cell lines 

compared to parental cell lines (Figure.21).  

 

Figure 21 

FRET assay. AKT activity after ibrutinib (3 hours exposure) is lower in PIK3CA UP cell 

lines (MINO and UPF1H) than in the parental cell lines, represented by CTRL. AKT activi-

ty after ibrutinib remains unchanged in JEKO-1. Each sample is represented by biologi-

cal triplicates. άƴǎέΣ άƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘέΤ ϝϝ ǇғлΦлмΣ ϝϝϝ ǇғлΦллмΣ ϝϝϝϝ ǇғлΦлллмΦ 

5.9 PTEN loss but not PIK3CA overexpression causes resistance to ibrutinib in MCL 

cells 

As expected, the proliferation assays confirmed the resistance of PTEN KO cell lines 

to ibrutinib while PIK3CA Ǝŀƛƴ ŘƛŘƴΩǘ change sensitivity to ibrutinib (Figure.22 A). Inter-

estingly, MINO PTEN KD were also more resistant to ibrutinib compared to parental 

cell line (Figure.22 B). 
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Figure 22  

Proliferation assay. (A) PTEN KO cell lines (MINO and UPF1H) are more resistant to ib-

rutinib. (B) MINO PTEN KD are more resistant to ibrutinib. Each sample is represented 

by biological triplicates. Data are ǊŜǇǊŜǎŜƴǘŜŘ ŀǎ ƳŜŀƴǎ ҕ {5έΤ * p<0.05, ** p<0.01, 

**** p<0.0001. 

5.10 PTEN loss and PIK3CA overexpression lead to metabolic reprogramming 

5.10.1 PTEN loss and PIK3CA overexpression shift metabolism towards glycolysis 

Since PI3K-AKT signaling pathway plays an essential role in regulating cell metabo-

lism, we analyzed the effect of PTEN loss and PIK3CA gain on metabolic reprogram-

ming in MCL cells using Seahorse analysis. Both PTEN loss and PIK3CA overexpression 

decreased basal and maximal respiration in UPF1H cells (Figure.23 A). However, in the 

latter, both aberrations differently affected glycolysis. While PTEN loss significantly 

increased basal glycolysis with an important decrease in glycolytic reserve, PIK3CA 

overexpression did not influence the basal glycolysis but decreased glycolytic capacity 

and glycolytic reserve (Figure.23 B). In MINO cell line, PTEN loss neither affected respi-

ration nor glycolysis. On the other hand, PIK3CA overexpression, to a much lesser ex-

tent, decreased the maximal respiration and glycolytic parameters in MINO cell line 

(Figure.23 C, D). These results suggest that PTEN KO and PIK3CA UP increase the gly-

colysis to OXPHOS ratio in UPF1H cells, however, it was not clearly discernible in MINO 

cell lines. 
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Figure 23 

Mito stress tests and glycol stress tests. (A) Oxygen consumption rate (OCR) measure-

ment in UPF1H cell lines: decrease in the basal respiration, maximal respiration and 

spare respiratory capacity in PIK3CA UP and PTEN KO cells in comparison to parental 

cell line; (B) Extracellular acidification rate (ECAR) measurement in UPF1H cell lines: 

increase in basal glycolysis in PTEN KO cells, decrease of glycolytic capacity in PIK3CA 

UP cells and decrease of glycolytic reserve in both PTEN KO and PIK3CA UP cells; (C) 

Oxygen consumption rate (OCR) measurement in MINO cell lines: insignificant changes 

of mitochondrial function in PIK3CA UP and PTEN KO cells in comparison to parental 

cell line; (D) Extracellular acidification rate (ECAR) measurement in MINO cell lines: 

decrease in glycolytic capacity accompanied by slight decrease in basal glycolysis and 

glycolytic reserve in PIK3CA UP cells compared to parental cell line. Data are represent-

ed as means ± SD. άƴǎέΣ άƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘέΤ ϝϝ ǇғлΦлмΣ ϝϝϝϝ ǇғлΦлллм. 
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5.10.2 PTEN loss and PIK3CA overexpression are associated with changes in metabolic 

regulatory genes  

To investigate which molecular mechanisms are behind the metabolic reprogram-

ming in PIK3CA UP and PTEN KO MCL cell lines, we conducted a western blot to deter-

mine the expression and phosphorylation status of the key metabolic regulatory genes; 

c-MYC and GSK3̡ respectively. There was an increase of c-MYC-1/2 expression in 

UPF1H PTEN KO, c-MYC-2 in MINO PIK3CA UP, and increased phosphorylation of 

GSK3̡  ƛƴ aLbh PTEN KO (Figure.24).  

 

Figure 24  

Western blot. UPF1H PTEN KO shows a higher expression of both; c-MYC-1 (upper 

band) and c-MYC-2 (lower band), compared to parental cell line. MINO PIK3CA UP 

manifests a higher expression of c-MYC-2 only, compared to parental cell line. MINO 

t¢9b Yh ŜȄƘƛōƛǘǎ ƛƴŎǊŜŀǎŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ D{Yоʲ όǎŜǊфύΦ 9ŀŎƘ ǎŀƳǇƭŜ is 

represented by a biological duplicate. 

5.10.3 Loss of PTEN and upregulation of PIK3CA increase resistance to glycolysis 

inhibition 

To investigate the sensitivity of MINO PIK3CA UP, MINO PTEN KO, UPF1H PIK3CA, 

UPF1H PTEN KO, and MINO PTEN KD to glycolysis inhibition, an apoptotic test was car-

ried out after treating these cell lines and their corresponding parental cell lines with 

2-DG for 72 hours under normoxia. There was an increased resistance to 2-Deoxy-D-

glucose (2-DG) in all tested PIK3CA UP and PTEN KO cell lines (Figure.25 A). There was 

no increased resistance to 2-DG in MINO PTEN KD (Figure.25 B). 
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Figure 25  

Apoptotic assay. (A) MINO PIK3CA UP, MINO PTEN KO, UPF1H PIK3CA UP and UPF1H 

PTEN KO cell lines are more resistant to 2-DG compared to parental cell lines. (B) MINO 

PTEN KD manifested no changes in sensitivity to 2-DG compared to parental cell line. 

Each sample is represented by biological triplicates. Data are represented as means ± 

SD. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

5.11 Both PTEN loss and upregulation of PIK3CA increase survival of MCL cells under 

hypoxia 

Increased glycolytic activity ŦƻǎǘŜǊǎ ŎŀƴŎŜǊƻǳǎ ŎŜƭƭǎΩ capacity to grow under hypoxic 

conditions (Zhou et al. 2022). Thus, we carried out a hypoxic test during which cell 

lines were exposed to 1% oxygen concentration for 3 days. Both PTEN KO and PIK3CA 

UP UPF1H cells were more resistant to 1% hypoxia (Figure.26) 
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Figure 26 

Apoptotic assay. UPF1H PTEN KO and to a lesser extent UPF1H PIK3CA UP cell lines 

survive longer under 1% hypoxia; MINO cell line is resistant to hypoxia. Each sample is 

represented by biological triplicates. Data are represented as means ± SD. * p<0.05, ** 

p<0.01. 

 

UPF1H PTEN KO and PIK3CA UP cells manifested higher expression of HIF1-  hcom-

pared to the unmodified UPF1H cell line. No change in the expression of HIF1-ʰ was 

observed in MINO PTEN KO and PIK3CA UP cell lines (Figure.27 A, B), which explains 

the hypoxic test results.  

 

Figure 27  

Western blot. (A) IƛƎƘŜǊ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ILCмʰ ƛƴ ¦tCмI t¢9b Yh ŎƻƳǇŀǊŜŘ ǘƻ ǇŀǊŜƴǘŀƭ 

cell line. (B) Increased expression ƻŦ ILCмʰ ƛƴ ¦tCмI PIK3CA UP compared to parental 

cell line. Each sample is represented by a biological duplicate.  
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5.12 BH3 mimetics screening reveals changed sensitivity/resistance in PIK3CA UP and 

PTEN KO/PTEN KD MCL cell lines  

PI3K/AKT signaling pathway is known for its significant antiapoptotic role and its in-

volvement in MDR in cancer (Liu, et al. 2020). Given the clinical prospective of BH3 

mimetics, we decided to investigate the cytotoxic potency of selected BCL2 family pro-

teins inhibitors in PTEN KO, PTEN KD, and PIK3CA UP MCL cell lines. For this screening, 

we used four PIK3CA UP cell lines (MINO, UPF1H, UPF19U and Z138), two PTEN KO cell 

lines (MINO and UPF1H), and one PTEN KD (MINO) cell line. 

Both PTEN KO cell lines, MINO PTEN KD, and two out of four PIK3CA UP cell lines 

(MINO and UPF1H) were more resistant to the BCL2 inhibitor venetoclax (VEN) (Figure 

28. A, B).  

 

Figure 28  

Apoptotic assay. (A) Both PTEN KO cell lines and two PIK3CA UP cell lines, MINO and 

UPF1H, are more resistant to venetoclax. (B) MINO PTEN KD is more resistant to ve-

netoclax compared to parental cell line. Each sample is represented by biological tripli-

cates. Data are represented as means ± SD. * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 

 

The sensitivity of both tested PTEN KO cell lines to the BCL-XL inhibitor A1155463 

was increased while the sensitivity of MINO PTEN KD to A1155463 remained un-

changed (Figure.29 A, B). Only one out of four PIK3CA UP cell lines (MINO) was more 

resistant to A1155463 (Figure.29 A).  
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Figure 29  

Apoptotic assay. (A) PTEN KO cell lines are more sensitive to A1155463. MINO PIK3CA 

UP cell line is more resistant to A1155463. (B) No significant changes in sensitivity of 

MINO PTEN KD to A1155463 compared to parental cell line. Each sample is represented 

by biological triplicates. Data are represented as means ± SD. * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001. 

 

Two out of four tested PIK3CA UP cell lines (MINO and UPF1H) were more resistant 

to S63845 (a MCL1 inhibitor). Only UPF1H PTEN KO was more resistant to S63845 (Fig-

ure.30 A). Interestingly, MINO PTEN KD cell line was more resistant to S63845 com-

pared to respective parental cell line (Figure.30 B).  
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Figure 30  

Apoptotic test. (A) Two PIK3CA UP cell lines, MINO and UPF1H, and UPF1H PTEN KO cell 

line are more resistant to S63845. (B) MINO PTEN KD is more resistant to S63854. Each 

sample is represented by biological triplicates. Data are represented as means ± SD. * 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

We then conducted a western blot analysis of key BCL2 family proteins to unravel 

the molecular mechanisms behind these observations. UPF1H PTEN KO cell line had 

markedly decreased expression of the proapoptotic protein BIM (MINO cells have bial-

lelic deletion of BIM). Surprisingly, UPF1H PTEN KO had a decreased expression of the 

antiapoptotic proteins (MCL1, BCL2, BCL-XL) and a higher expression of the proapop-

totic BAK. MINO PTEN KO cell line expressed more phosphorylated BAD and less 

proapoptotic protein BAK. MINO PIK3CA UP cell line also showed a decreased expres-

sion of BAK (Figure 31). 
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Figure 31  

Western blot. UPF1H PTEN KO cell line has decreased expression of BIM, MCL1, BCL2, 

BCL-XL and increased expression of BAK. MINO and Z138 cell ƭƛƴŜǎ ŘƻƴΩǘ ŜȄǇǊŜǎǎ .LaΦ 

MINO PTEN KO cell line has increased phosphorylated BAD and decreased BAK expres-

sions. MINO PIK3CA UP cell line shows a decreased BAK expression. Each sample is rep-

resented by a biological duplicate.  

 

The western blot results could not explain the increased sensitivity of both PTEN KO 

cell lines, UPF1H and MINO, to A1155463. Therefore, we decided to immunoprecipi-

tate BCL-XL and BCL2 to determine their binding affinities to the proapoptotic BAK, 

BAX, BAD, BID and BIM in PTEN KO cell lines and in the corresponding unmodified pa-

rental cell lines. We observed decreased binding affinity of BIM to BCL-XL and BCL2 in 

UPF1H PTEN KO cell line and decreased interaction of BAX with BCL2 in MINO PTEN KO 

cell line (Figure.32 A, B). 
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Figure 32 

Coimmunoprecipitation. (A) Decreased interaction of BCL-XL with BIM in UPF1H PTEN 

KO cell line compared to parental cell line. (B) Decreased interaction between BCL2 and 

BAX in MINO PTEN KO cell line and between BCL2 and BIM in UPF1H PTEN KO cell line. 

Each sample is represented by a biological duplicate. .!Y ŘƻŜǎƴΩǘ ōƛƴŘ ./[н ƛƴ aLbh ŀǎ 

previously reported (Dolnikova et al. 2024)and thus its interaction with BCL2 in MINO 

cell lines ǿŀǎƴΩǘ ƳŜŀǎǳǊŜŘΦ MINO has a biallelic deletion of BIM. 

 

5.13 PTEN loss is associated with increased resistance to PI3K inhibitors and retain 

sensitivity to AKT inhibition while PIK3CA overexpression has minimal impact 

We then performed a cytotoxic screening using a panel of specific PI3K-AKT pathway 

inhibitors including PI3K isoform inhibitors (idelalisib, duvelisib, AZD8186, AZD8835, 

alpelisib and copanlisib) and an AKT inhibitor (capivasertib) to investigate the conse-

quences of PTEN partial/complete loss and PIK3CA gain on the sensitivity/resistance of 

MCL to these drugs. For this screening we used four PIK3CA UP cell lines (MINO, 

UPF1H, UPF19U and Z138), two PTEN KO cell lines (MINO and UPF1H), and one PTEN 

KD cell line (MINO PTEN KD). The results were as follows:  

5.13.1 Idelalisib (PI3Kδ inhibitor) 

UPF1H PTEN KO was more resistant to idelalisib compared to parental cell line (Fig-

ure.33 A). There was no significant change in MINO PTEN KD or PIK3CA UP cell lines 

response to idelalisib compared to parental cell lines (Figure.33 A, B). 



72 

 

 

Figure 33 

Proliferation assay. (A, B) Idelalisib. (A) Increased resistance of UPF1H PTEN KO and no 

change in sensitivity of PIK3CA UP cell lines. (B) No significant changes in sensitivity of 

MINO PTEN KD to idelalisib compared to parental cell line; biological triplicates; data 

are represented as means ± SD; * p<0.05, *** p<0.001. 

5.13.2 Duvelisib (PI3Kγ/δ inhibitor) 

UPF1H PTEN KO was more resistant to duvelisib compared to parental cell line while 

there was no change in the sensitivity of the four tested PIK3CA UP cell lines (Figure. 

34 A). There was a slight but unsignificant increase in resistance of MINO PTEN KD to 

duvelisib (Figure.34 B).  

 

Figure 34 

Proliferation assay. (A, B) Duvelisib. (A) Increased resistance of UPF1H PTEN KO and no 

change in sensitivity of PIK3CA UP cell lines. (B) No significant changes in sensitivity of 

MINO PTEN KD to duvelisib compared to parental cell line; biological triplicates; data 

are represented as means ± SD; ** p<0.01, *** p<0.001. 
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5.13.3 AZD8186 (PI3Kβ/δ inhibitor) 

UPF1H PTEN KO and MINO PTEN KO were more resistant to AZD8186 while there 

was no change in the sensitivity of the four tested PIK3CA UP cell lines (Figure.35 A). 

There was a slight but not significant increase in resistance of MINO PTEN KD to 

AZD8186 (Figure.35B). 

 

Figure 35  

Proliferation assay. (A, B) AZD8186. (A) Increased resistance of UPF1H PTEN KO and 

MINO PTEN KO to AZD 8186 and no change in sensitivity of PIK3CA UP cell lines. (B) 

Slight increased resistance of MINO PTEN KD to AZD 8186; biological triplicates; data 

are represented as means ± SD; ** p<0.01, *** p<0.001. 

5.13.4 AZD8835 (PI3K α/δ inhibitor) 

UPF1H PTEN KO was more resistant to AZD8835 compared to parental cell line (Fig-

ure. 36 A). There was no significant change in MINO PTEN KD nor in PIK3CA UP cell 

lines response to AZD8835 compared to parental cell line (Figure.36 A, B). 
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Figure 36 

Proliferation assay. (A, B) AZD8835. (A) Increased resistance of UPF1H PTEN KO to 

AZD8835 and no change in sensitivity of PIK3CA UP cell lines. (B) No significant changes 

in sensitivity of MINO PTEN KD to AZD8835 compared to parental cell line; biological 

triplicates; data are represented as means ± SD; ** p<0.01. 

5.13.5 Alpelisib (PI3Kα inhibitor) 

UPF1H PTEN KO was more resistant to alpelisib, however, MINO PTEN KO and 

MINO PIK3CA UP were more sensitive, compared to parental cell lines (Figure.37 A). 

There was no significant change in MINO PTEN KD response to alpelisib compared to 

parental cell line (Figure.37 B). 
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Figure 37 

Proliferation assay. (A, B) Alpelisib. (A) Increased resistance of UPF1H PTEN KO, and 

increased sensitivity of MINO PTEN KO and MINO PIK3CA UP to alpelisib. (B) No signifi-

cant changes in sensitivity of MINO PTEN KD to alpelisib compared to parental cell line; 

biological triplicates; data are represented as means ± SD; * p<0.05, ** p<0.01, *** 

p<0.001. 

5.13.6 Copanlisib (pan-PI3K inhibitor) 

Both PTEN KO cell lines (MINO and UPF1H) and MINO PIK3CA UP were more re-

sistant to copanlisib compared to parental cell lines (Figure.38 A). MINO PTEN KD is 

more resistant to copanlisib compared to parental cell line (Figure.38 B). 
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Figure38 

Proliferation assay. (A, B) Copanlisib. (A) Increased resistance of UPF1H PTEN KO, MINO 

PTEN KO and MINO PIK3CA UP to copanlisib. (B) Increased resistance of MINO PTEN KD 

to copanlisib; biological triplicates; data are represented as means ± SD; * p<0.05, ** 

p<0.01. 

5.13.7 Capivasertib (pan-AKT inhibitor) 

Interestingly, both PTEN KO cell lines (MINO and UPF1H) and MINO PTEN KD re-

tained sensitivity to capivasertib (Figure.39 A, B). 

 

Figure 39  

Proliferation assay. (A, B) Capivasertib. (A) No significant changes in sensitivity are ob-

served in PTEN KO, or PIK3CA UP cell lines. (B) No significant changes in sensitivity of 

MINO PTEN KD to capivasertib are shown; biological triplicates; data are represented 

as means ± SD. 
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To recapitulate, PTEN loss was associated with increased resistance to PI3K inhibi-

tors. UPF1H PTEN KO cell line was more resistant to all tested PI3K inhibitors, whereas 

MINO PTEN KO cell line was more resistant to only AZD8186 and copanlisib. Important-

ly, both PTEN KO cell lines retained sensitivity to AKT inhibitor (capivasertib). With few 

exceptions, PIK3CA gain was not associated with significant changes in the sensitivi-

ty/resistance to PI3K or AKT inhibitors.  

5.14 PIK3CA upregulation and PTEN loss increase MCL tumor growth and are 

associated with increased c-MYC expression in vivo 

Since PIK3CA upregulation and PTEN loss led to metabolic reprogramming favoring 

glycolysis and increased survival under hypoxia in vitro, we decided to carry out an 

experiment in vivo to investigate the impact of these aberrations on tumor growth. Six 

cell lines were injected subcutaneously into mice: MINO, MINO PIK3CA UP, MINO PTEN 

KO, UPF1H, UPF1H PIK3CA UP and UPF1H PTEN KO. Two cell lines, UPF1H PIK3CA UP 

and MINO PTEN KO failed to grow in vivo. MINO PIK3CA UP and UPF1H PTEN KO were 

growing faster than their parental counterparts in vivo (Figure.40 A, B). 
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Figure 40 

In vivo, MCL tumor growth curves. (A, B) MINO PIK3CA UP and UPF1H PTEN KO tumors 

have bigger size compared to parental cell lines at all-time points. Error bars represent 

SEM. 

 

To investigate which mechanisms are behind these findings, we carried out a west-

ern blot to check the expression of BCL2 ŦŀƳƛƭȅ ǇǊƻǘŜƛƴǎΣ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ D{Yоʲ ŀƴŘ Ŏ-

MYC. The expression of c-MYC was higher in PIK3CA UP and PTEN KO tumors com-
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ǇŀǊŜŘ ǘƻ ǘƘŜ ǇŀǊŜƴǘŀƭ ŎŜƭƭ ƭƛƴŜǎΩ ǘǳƳƻǊǎ όCƛƎǳǊŜ.41). Interestingly, there was an increase 

in c-MYC-2 expression in all tumors including parental cell line tumors compared to in 

vitro cell lines (Figure.41). There were no relevant changes in the other tested proteins 

and therefore, are not shown here.  

 

Figure 41 

Western blot. The expression of c-MYC in vivo. Increased c-MYC-1 expression in UPF1H 

t¢9b Yh ǘǳƳƻǊǎ ŎƻƳǇŀǊŜŘ ǘƻ ǇŀǊŜƴǘŀƭ ŎŜƭƭ ƭƛƴŜǎΩ ǘǳƳƻǊǎΣ ƛƴŎǊŜŀǎŜŘ Ŏ-MYC-1 and c-

MYC-н ŜȄǇǊŜǎǎƛƻƴ ƛƴ aLbh tLYо/! ¦t ǘǳƳƻǊǎ ŎƻƳǇŀǊŜŘ ǘƻ ǇŀǊŜƴǘŀƭ ŎŜƭƭ ƭƛƴŜǎΩ ǘǳƳƻǊǎΣ 

increased c-MYC-2 expression in T1 and T2 of all cell lines. C, cell line sample; T1, tumor 

1; T2, tumor 2. In vivo samples are represented by a biological duplicate.  

5.15 Combination of PI3Kβ/δ and mTOR inhibitors has a synergetic effect in DLBCL 

in vivo  

Since in vitro results demonstrated the efficacy of AZD8186 (a tLYоʲκʵ inhibitor) in 

certain DLBCL cell lines and combining AZD8186 with AZD2014 (a dual mTOR inhibitor) 

was successful in inducing apoptosis in the majority of DLBCL cell lines, we decided to 

investigate the efficacy of these treatments on tumor growth in vivo. While the combi-

nation of AZD8186 and AZD2014 stabilized tumor growth in OCI-LY10 (ABC-DLBCL) CDX 

model, it importantly decreased tumor size in K422 (GCB-DLBCL) CDX model (Figure.42 

A). To figure out if the same would apply in a refractory/relapsed state, we conducted 

the same experiments on PDX models derived from refractory GCB and refractory non-

GCB DLBCL, WEHA and KTC respectively. The combination of AZD8186 and AZD2014 

was more effective in stabilizing tumor growth in comparison with the use of each 

drug alone (Figure.42 B), which indicates synergism.  
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A

B

 

Figure 42 

In vivo, DLBCL tumor growth curves (A) Cell line derived xenografts. (B) Patient derived 

xenografts. Treatment with a vehicle control, AZD2014 15mg/kg, AZD8186 50mg/kg 

and AZD2014 + AZD8186, were initiated after the development of palpable tumors. The 

combination of both AZD2014 and AZD8186 has a synergetic effect in the four models. 

Error bars represent SEM. ** p<0.01, *** p<0.001.  taken from (Xu, et al. 2023). 
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The body weight of mice was stable during the whole in vivo experiments indicating 

that these treatments ŘƛŘƴΩǘ cause severe side effects (Figure.43 A, B).

 

Figure43 

 In vivo, DLBCL tumor experiment. Body weight curves after vehicle control (AZD2014 

15mg/kg, AZD8186 50mg/kg and AZD2014 + AZD8186) treatments. (A) Body weights 

of cell line derived xenografts. (B) Body weights of patient derived xenografts. Treat-

ment was initiated after animals developed palpable tumors. Data represented as 

means ± SD. Taken from (Xu, et al. 2023). 
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6 Discussion 

 Constitutive activation of PI3K-AKT signaling pathway in NHL has been investigated 

through the past several years and has proved to be associated with a more aggressive 

disease and resistance to treatment as mentioned above. In MCL, PIK3CA gene and 

PTEN protein were mainly at the core of these studies. The mutation of PIK3CA was 

ruled out in two different studies and amplification was proved to be the common ab-

erration of PIK3CA in MCL (Psyrri, et al. 2009; Rudelius, et al. 2006). Moreover, a recent 

whole exome sequencing-based research, carried out by our team, on clonal evolution 

ƻŦ нр a/[ ǇŀǘƛŜƴǘǎΩ ǎŀƳǇƭŜǎ ǘŀƪŜƴ ŀǘ ŘƛŀƎƴƻǎƛǎ ŀƴŘ ŀŦǘŜǊ ŦƛǊǎǘ ǊŜƭapse, demonstrated 

that, after failure of standard immunochemotherapy, PIK3CA single copy gain repre-

sented one of the most frequent copy number variants found in MCL at first relapse 

(Karolová, et al. 2023). In our study, we demonstrated that PIK3CA gain was a common 

finding representing 43% of cases by FISH/aCGH carried out on 61 newly diagnosed 

a/[ ǇŀǘƛŜƴǘǎΩ ǎŀƳǇƭŜǎΦ Based on our findings, we can postulate that a finely tuned 

instead of exaggerated uncontrolled overactivation of PI3K-AKT pathway is more ad-

vantageous for MCL. This goes along with the former studies of Shojaee et al. who 

proved that both the blockage and exaggerated overactivation of PI3K-AKT is deleteri-

ous for cancerous cells (Shojaee et al. 2016). On the other hand, the leading mecha-

nisms of PTEN loss in MCL remain unexplored. In general, in cancer, PTEN complete 

deletion on DNA level is rather uncommon (Fusco et al. 2020) and loss of PTEN expres-

sion is more likely caused by different mechanisms such us mutations, transcriptional, 

post transcriptional, and post translational modifications (Wang, Huang, and Young 

2015; Chang, Cai, and Roberts 2019). Three different studies investigated PTEN expres-

sion in MCL primary samples. Reudelius et al carried out a western blot analysis to de-

termine PTEN expression in 31 MCL cases, PTEN expression was reduced in 5 cases and 

one case showed complete loss of PTEN (Rudelius, et al. 2006). Psyrri et al, using west-

ern blot, tested the expression of PTEN in 14 MCL primary cases, and in all of them 

PTEN expression was preserved, however, by implementing immunohistochemistry on 

another 33 cases, they detected PTEN loss in 15% cases (Psyrri, et al. 2009), taking into 

consideration that immunohistochemistry and western blot are technically different 

and can give different results. Iyengar et al, also looked up the expression of PTEN in 

12 MCL cases, two samples manifested decreased PTEN expression(Iyengar, et al. 

2013). Our investigation demonstrated that PTEN deletion was rather monoallelic and 
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uncommon representing only 7% of cases by FISH and aCGH. On protein level, the 

western blot analysis of samples taken from patients with newly diagnosed/relapsed 

MCL exhibited variable decreased expression of PTEN with 3 cases showing complete 

loss. Patients with whatever genetic copy number loss of PTEN manifested lower PTEN 

protein expression compared to patients with unaltered PTEN gene and some patients 

with unmodified PTEN gene had low or no PTEN protein expression. This indicates that 

there are other mechanisms such transcriptional, posttranscriptional, and posttransla-

tional modifications that lead to partial or complete loss of PTEN protein in MCL other 

than monoallelic and biallelic genetic deletions which goes along with previous studies 

carried out on hematological and non-hematological malignancies (Wang, Huang, and 

Young 2015; Chang, Cai, and Roberts 2019; Leupin et al. 2003; Kwabi-Addo et al. 2001; 

Whang et al. 1998). Considering the above mentioned, we should highlight that the 

FISH /aCGH analysis was conducted only in patients with more than 20% bone marrow 

infiltration and therefore, the percentage of PIK3CA gain or PTEN deletion in patients 

with low or no bone marrow infiltration is still unknown and needs to be further inves-

tigated. Furthermore, PIK3CA gain, and PTEN deletion frequencies at first relapse or 

consecutive relapses persist to be under-investigated and should be more explored in 

the future. 

Surprisingly, loss of PTEN and overactivation of PIK3CA had different effects on AKT 

activation and phosphorylation status in MCL cell lines. Complete PTEN loss was asso-

ciated with hyperphosphorylation of AKT by western blot and demonstrated increased 

AKT activity by FRET essay. Even partial PTEN loss was associated with a higher AKT 

activity. To confirm this correlation between PTEN loss and hyperphosphorylation of 

AKT in the clinical setting we analyzed the expression of AKT phosphorylation in the 

previously mentioned 32 a/[ ǇŀǘƛŜƴǘǎΩ samples by western blot. Ten samples (31%) 

showed a significantly higher expression of phosphorylated AKT associated with re-

duced or undetected PTEN expression. Our results go in line with the studies of Rude-

lius et al who demonstrated, that 29 % of cases with increased activation of AKT were 

associated with reduced PTEN expression, and Psyrri et al who reported, using im-

munohistochemistry, a positive phosphorylated AKT staining in 36% of MCL cases 

(Rudelius, et al. 2006; Psyrri, et al. 2009). Dal Col et all in their study demonstrated that 

PTEN phosphorylation (representing inactivated PTEN) was associated with hyper-

phosphorylation of AKT (Dal Col, et al. 2008). Accordingly, we decided to investigate if 
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there is an association between the extent of inactivated PTEN expression and the hy-

perphosphorylation of AKT in the same 32 ǇŀǘƛŜƴǘǎΩ ǎŀƳǇƭŜǎΣ ƘƻǿŜǾŜǊΣ ƻǳǊ ǿŜǎǘŜǊƴ 

blot results manifested no correlation between the level of PTEN phosphorylation and 

the level of phosphorylated AKT expression. On the other hand, PIK3CA UP cell lines 

manifested the same level of AKT phosphorylation as the parental cell lines by western 

blot and an inconclusive, variable (increased/decreased) AKT activity by FRET essay. 

This differs from the results of Psyrri et al study that demonstrated that 58% of phos-

phorylated AKT positive samples had an increase in PIK3CA gene copy number. How-

ever, knowing that PIK3CA gain is a common aberration in MCL, this correlation could 

have been just a coincidence, and this study failed to investigate how many cases with 

increased PIK3CA gene copy number were associated with a higher expression of 

phosphorylated AKT. We must also take into consideration the different techniques 

used to determine AKT phosphorylation status; western blot in our study versus im-

munohistochemistry (Psyrri, et al. 2009). Besides, in another study, increased AKT 

phosphorylation in MCL samples displaying a higher PIK3CA/PIK3CD ratio was not de-

tected (Iyengar, et al. 2013) which supports our results. 

It was documented that PI3K, more specifically  p110, rescues BCR negative B cells 

(Srinivasan et al. 2009). In our study both PTEN loss and to a lesser extent PIK3CA gain 

decreased dependence on BCR pro-survival signaling. It is worth mentioning that the 

BCR KO rescue was especially important in PTEN KO cell lines with higher AKT activity 

after the knockout of PTEN. The decreased dependence on BCR pro-survival signaling 

in PTEN KO and PIK3CA UP cell lines could imply that both PIK3CA upregulation and 

PTEN loss cause resistance to treatments targeting the BCR signaling pathway. Indeed, 

PTEN loss overcame ibrutinib (a BTK inhibitor that inhibits AKT (Kapoor, et al. 2019)) 

mediated decrease in AKT activity. However, the effect of PIK3CA gain on AKT activity 

following ibrutinib treatment was irrelevant. The association of constitutive activation 

of PI3K-AKT signaling pathway, caused by PTEN loss and hyperphosphorylation of AKT, 

with resistance to ibrutinib was documented in NHL (Kapoor et al. 2021; Kapoor, et al. 

2019; Guan, et al. 2018; Zhao, et al. 2017). As expected, the functional test demon-

strated that PTEN KO and PTEN KD cell lines were resistant to ibrutinib which goes in 

line with the previously mentioned studies. However, there was no change in the sen-

sitivity of PIK3CA UP cell lines to ibrutinib compared to parental cell lines. It seems that 

PIK3CA overexpression increases survival of MCL, but independently of AKT. Our re-
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sults demonstrate that there is a correlation between reduced PTEN expression and 

BTK inhibitor resistance in MCL cell lines. Further investigations to confirm the role of 

PTEN loss in ibrutinib resistance before and after treatment in primary MCL samples 

are warranted.  

From the above mentioned, we can deduce that in MCL, in contrast to PTEN, 

PIK3CA product has the tendency to act independently of AKT. Our findings are in line 

with the study of Vasudevan et al, who illustrated that cancer cells, with mutated 

PIK3CA, manifested rather low phosphorylated AKT levels, conversely PTEN null cancer 

cells expressed higher levels of phosphorylated AKT. They suggested that probably 

each of PIK3CA and PTEN has a definite function (Vasudevan et al. 2009). These obser-

vations are in line with the knowledge that PTEN has other functions besides regulat-

ing PI3K-AKT signaling pathway (Wang, Huang, and Young 2015; Yin and Shen 2008). 

Moreover, they proposed that in the presence of functional PTEN, mutated PIK3CA 

signaling pathway is preferably AKT-independent in cancer (Vasudevan, et al. 2009). 

This is supported by another study carried out by Frederik Holst et al on endometrial 

carcinoma, demonstrating that PIK3CA amplification in this type of tumors was related 

to aggressive behavior, but, was associated with low levels of activated AKT (Holst et 

al. 2019).   

Interestingly, loss of PTEN was associated with increased sensitivity to the BCL-XL 

inhibitor (A1155463). We speculated that PTEN KO cell lines are BCL-XL dependent and 

that by inhibiting BCL-XL, MCL1 and/or BCL2 cannot compensate for BCL-XL due to 

their relative lower expression or more probably stronger interaction with one or more 

of the proapoptotic proteins BAD, BAK, BAX, BID, and BIM. This hypothesis is support-

ed by different studies carried out on BCL2 family proteins. One of these studies 

demonstrated that the sensitivity to a specific BH3 mimetic is rather influenced by the 

level of other anti-apoptotic proteins than the level of the targeted anti-apoptotic pro-

tein per se; e.g. sensitivity of AML models and CML cell lines to S63845, (a MCL1 inhibi-

tor), was negatively correlated to BCL-XL level and was not affected by MCL1 expres-

sion (Kotschy et al. 2016). In another study carried out on DLBCL, sensitivity to 

A1331852, (an anti BCL-XL), was influenced by the ratio of BCL-XL to MCL1 and BCL2 

rather than by BCL-XL expression (Smith et al. 2020). However, the western blot analy-

sis showed a decrease in the expression of all three anti-apoptotic proteins BCL-XL, 
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MCL1, and BCL2 in UPF1H PTEN KO and no changes in their expression in MINO PTEN 

KO cell line. Moreover, the results of coimmunoprecipitation of BCL-XL and BCL2 and 

ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ .!5Σ .!YΣ .!·Σ .L5Σ ŀƴŘ .La ŎƻǳƭŘƴΩǘ ŜȄπ

plain the increased sensitivity of both PTEN KO cell lines to the BCL-XL inhibitor 

(A1155463). Another coimmunoprecipitation assay of MCL1 with determination of its 

interaction with the different pro-apoptotic proteins or a BH3 profiling assay might 

have explained the increased sensitivity to A1155463. Due to time and technical con-

straints, these tests were not implemented. 

Moreover, BIM loss and its decreased interaction with BCL2 (observed in UPF1H 

PTEN KO cell line) could explain its resistance to venetoclax (a BCL2 inhibitor). BIM is 

an essential, potent proapoptotic initiator that interacts with and neutralizes BCL2, 

BCL-XL and MCL1 (Chen et al. 2005; O'Connor et al. 1998). The inactivation of BIM or 

the actual loss of BIM, was shown to cause venetoclax resistance in several studies 

(Choudhary, et al. 2015; Bose, Gandhi, and Konopleva 2017; Punnoose et al. 2016; 

Klener et al. 2021; Prukova, et al. 2019). On the other hand, studies showed that ve-

netoclax activates and induces BAX translocation to mitochondria by displacing BCL2 

from it and that decreased BAX expression was associated with increased resistance to 

venetoclax (Hafezi and Rahmani 2021; Rahmani et al. 2018) . Thus, the decreased in-

teraction of BAX with BCL2 (observed in MINO PTEN KO cell line) is a probable explana-

tion for its increased resistance to venetoclax. 

The difference in BCL2 family proteins expressions and interactions between both 

PTEN KO cell lines may be explained by the initial different BIM expression between 

the two parental cell lines MINO and UPF1H. MINO has a biallelic deletion of BIM 

whereas UPF1H has BIM. After the knock-out of PTEN in UPF1H, BIM expression has 

markedly decreased and probably was the reason behind the decrease in the expres-

sions of BCL2, BCL-XL, MCL1, and phosphorylated BAD and increased expression of 

BAK. These paradoxical changes in the expression of anti and pro-apoptotic proteins 

may signify that UPF1H PTEN KO is compensating for BIM loss maintaining an overall 

antiapoptotic effect (Ludwig et al. 2020).  

A possible leading mechanism of decreased BIM expression in UPF1H PTEN KO is in-

creased hypoxia inducible factor 1 alpha (HIF1-ʰύ ŜȄǇǊŜǎǎƛƻƴΦ ILCм-  hwas shown to 

suppress BIM expression (Victorino et al. 2021; Tsubaki et al. 2019). In UPF1H PIK3CA 



87 

UP cell line there were no changes in BIM expression even though there was an in-

crease in HIF1-ʰ ŜȄǇǊŜǎǎƛƻƴΣ ƘƻǿŜǾŜǊ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ILCм-ʰ ƛƴ ¦tCмI PTEN KO was sig-

nificantly higher. Otherwise, there was no change in the expression of phosphorylated 

FOXO3A, a known target of activated AKT and a transcription factor of BIM (Yue and 

Sun 2018; Barreyro et al. 2007; Aroui et al. 2016). Furthermore, the hyperphosphoryla-

tion of AKT is probably behind BAD hyperphosphorylation in MINO PTEN KO cell line 

(Datta et al. 1997) and the decreased expression of BAK, since phosphorylated AKT 

downregulates p53 which is known to induce BAK expression (Graupner et al. 2011; 

Jung et al. 2010; Bruhn et al. 2010). 

 In the case of PIK3CA UP cell lines only two (MINO and UPF1H) were resistant to 

both venetoclax and S63854 (MCL1 inhibitor). MINO PIK3CA UP showed decreased 

expression of BAKΣ ƘƻǿŜǾŜǊΣ .!Y ŘƻŜǎƴΩǘ ōƛƴŘ ./[н ƛƴ aLbh ŎŜƭƭ ƭƛƴŜ (Dolnikova, et al. 

2024). On the other hand, decreased BAK expression could explain the increased re-

sistance of  MINO PIK3CA UP  cell line to S63854 and A1155463, since BAK is mainly 

neutralized by MCL1 and BCL-XL (Willis et al. 2005). Concerning UPF1H PIK3CA UP, no 

relevant BCL2 family protein expression changes were observed. The western blot re-

sults were insufficient to explain PIK3CA ¦t ŎŜƭƭ ƭƛƴŜǎΩ response to BH3 mimetics. Co-

immunoprecipitation or BH3 profiling might have explained these findings. 

The decrease in BAK expression in MINO PIK3CA UP is probably AKT independent. 

One of the possible mechanisms is the activation of the parallel pathway se-

rum/glucocorticoid regulated kinase family member 3 (SGK3) which is a ser-

ine/threonine kinase, that has similar targets as those of AKT(Bruhn, et al. 2010). In-

terestingly, it was reported that, in the setting of decreased AKT signaling, PIK3CA mu-

tations are associated with increased activation of SGK3 (Vasudevan, et al. 2009). We 

suggest further investigation of SGK3 role in the context of PIK3CA overactivation in 

MCL. 

Both PTEN partial/complete loss and PIK3CA gain changed MCL response to the dif-

ferent BH3 mimetics used. Importantly, both caused resistance to venetoclax, a BCL2 

inhibitor used in the treatment of (R/R) MCL patients. We suggest the use of dual 

BCL2/BCL-XL inhibitors in future pre-clinical trials. The changes in BCL2 family proteins 

expression profiles and interactions were heterogenous among the tested PTEN KO 

and PIK3CA UP cell lines and could partially explain the BH3 mimetics screening results. 



88 

This finding proves again the heterogeneity of MCL biology and the complexity of its 

molecular background.  

Metabolic reprogramming is a common mechanism used by cancer cells to over-

come different obstacles, including treatment, to maximize survival and proliferation 

(Ricci and Chiche 2018; Goetzman and Prochownik 2018; Lien, Lyssiotis, and Cantley 

2016). PI3K-AKT signaling pathway is one of these mechanisms that lead to metabolic 

reprogramming in cancer (Hoxhaj and Manning 2020). Both OXPHOS and glycolysis are 

important for the progression of cancer but under certain condition ,such as rapid pro-

liferative rate, cancer cells switch to aerobic glycolysis (using glycolysis even when oxy-

gen is available) to meet their high energy demands or what is known as Warburg ef-

fect a hallmark of cancer (Goetzman and Prochownik 2018). We carried out a Seahorse 

analysis to investigate whether PTEN loss and PIK3CA overactivation impacts metabo-

lism in MCL. Increased glycolysis to OXPHOS ratio was mainly observed in UPF1H PTEN 

KO cell line and to a lesser extent in UPF1H PIK3CA UP cell line and was not clearly dis-

cernible in MINO PTEN KO or PIK3CA UP cell lines. The hyperphosphorylation and 

overactivation of AKT in UPF1H PTEN KO cell line explain the increased glycolytic activi-

ty since AKT activation promotes aerobic glycolysis (Fan, Dickman, and Zong 2010). 

Moreover, MYC, which was highly expressed in UPF1H PTEN KO cell line, is a major 

coordinator of cell metabolism balancing between glycolysis and OXPHOS, regulates 

ƎƭǳŎƻǎŜΣ ŀƳƛƴƻ ŀŎƛŘǎΩΣ ŀƴŘ ƭƛǇƛŘ ƳŜǘŀōƻƭƛǎƳ ŀƴŘ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ōŜ ŀ ƪŜȅ ŎƻƴǘǊƛōǳǘƻǊ ǘƻ 

the Warburg effect (Cargill et al. 2021) (Dong et al. 2020; Goetzman and Prochownik 

2018). In UPF1H PIK3CA UP cell line the metabolic reprogramming is clearly AKT inde-

pendent. Constitutive activation of PI3K pathway fosters glycolysis in an AKT depend-

ent and independent manner. One example of a mechanism that promotes glycolysis 

in an AKT independent manner is PIK3CA mutation (Hu et al. 2016; Elstrom et al. 2004). 

The same results were reproduced after the hypoxic test. UPF1H PTEN KO cells were 

significantly more resistant to hypoxia and had a higher expression of HIF1-  h com-

pared to parental cells. Our results are supported by previous studies that showed that 

hypoxia adaptation was associated with the allelic loss or inactivation of PTEN 

(Bhandari et al. 2019; Kohnoh et al. 2016) On the other hand, PTEN loss promotes 

HIF1- -hmediated gene expression (Tang et al. 2021; Abou Khouzam et al. 2020; Zundel 

et al. 2000). UPF1H PIK3CA UP cells, to a lesser extent, were also more resistant to hy-

poxia and manifested an increase in HIF1-  hexpression. On the other hand, MINO pa-
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rental cell line is initially resistant to hypoxia, therefore, no significant differences be-

tween MINO parental cell line and MINO PTEN KO or PIK3CA UP cell lines were detect-

ed and as expected no change in the expression of HIF1-ʰ ǿŀǎ ƻōǎŜǊǾŜŘΦ  

BIM loss was shown to shift metabolism towards glycolysis (Lambrecht et al. 2024). 

We can speculate that the significant increase in glycolytic rate observed in UPF1H 

PTEN KO cell line and its important resistance to hypoxia are largely driven by BIM loss. 

Since MINO parental cell line has a biallelic deletion of BIM, no significant differences 

could have resulted between MINO parental and MINO PTEN KO cell lines after Sea-

horse analysis, hypoxic test, and determination of HIF1-ʰ ŜȄǇǊŜǎǎƛƻƴΦ ¢Ƙƛǎ ŎƻǳƭŘ ŀƭǎƻ 

explain the different results between UPF1H PIK3CA UP and MINO PIK3CA UP cell lines. 

Probably, the impact of PIK3CA overactivation on metabolism is BIM independent and 

since BIM expression was preserved in UPF1H PIK3CA UP cell line, we could detect the 

influence of PIK3CA overactivation on metabolism, however, in MINO PIK3CA UP cell 

line the effect of PIK3CA upregulation was shadowed by the absence of BIM. 

Surprisingly, all four above mentioned cell lines were resistant to the glycolysis in-

hibitor 2-Deoxy-D-Glucose (2-DG). A probable explanation is that PK3CA UP and PTEN 

KO cell lines with their corresponding parental cell lines were treated with 2-DG under 

normoxic conditions. It was shown that 2-DG does not kill the majority of tumoral cells 

under normoxia, because tumoral cells can switch from glucose to other energy 

sources to produce ATP (Xi et al. 2011). Moreover, in another paper they demonstrat-

ed that glycolysis suppression led to growth inhibition rather than cell death and was 

associated with a shifting from glycolysis to oxidative phosphorylation in cancer cells 

(Shiratori et al. 2019). We can hypothesize that PTEN KO and PIK3CA UP cell lines re-

shifted their metabolism to OXPHOS under the influence of 2-DG and normoxic condi-

tions resulting in resistance. Moreover, we carried out an apoptotic assay to investi-

gate the efficacy of 2-DG. Maybe, a better option would have been to conduct a prolif-

eration assay instead to evaluate the inhibitory effect of 2-DG. Nevertheless, this sug-

gests that PTEN loss and PIK3CA overexpression led to higher plasticity of MCL to re-

program itself metabolically to resist on one hand hypoxia and on the other hand gly-

colysis inhibition in vitro. 

We show here that both PTEN loss and PIK3CA upregulation led to metabolic repro-

gramming in MCL in favor of glycolysis associated with increased resistance to hypoxia 
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and glycolysis inhibition. Loss of BIM, increased c-a¸/Σ ŀƴŘ ILCмʰ ŜȄǇǊŜǎǎƛƻƴǎ ǇŀǊǘƛŀƭƭȅ 

explain these changes.  

Interestingly, ibrutinib resistance was attributed to increased OXPHOS in MCL 

(Galicia-Vázquez and Aloyz 2018; Zhang et al. 2019; Fuhr et al. 2022). Paradoxically, 

PTEN loss showed higher glycolysis but was associated with ibrutinib resistance. We 

can suppose that despite the higher glycolytic activity, the overall effect of PTEN loss 

causes ibrutinib resistance either by other molecular mechanisms or by quickly rewir-

ing MCL metabolism when treated with ibrutinib. 

PTEN loss and PIK3CA overexpression were associated with accelerated tumor 

growth in vivo. One probable explanation is the increased c-MYC expression. Besides c-

MYC role in regulating metabolism, it is known to promote cell proliferation and 

growth, a logical association since for increased cell proliferation and growth to occur, 

metabolic changes must precede (Goetzman and Prochownik 2018). The protein iso-

form c-MYC-1 was shown to induce both cell growth and apoptosis whereas c-MYC-2 

induced cell growth only (Benassayag et al. 2005). In vitro, both tested cell lines 

(UPF1H PTEN KO and MINO PIK3CA UP) manifested increased c-MYC expression. While 

UPF1H PTEN KO manifested a higher expression of both c-MYC-1 and c-MYC-2 leading 

to an overall increased cell growth effect, MINO PIK3CA UP manifested only an in-

creased expression of c-MYC-2. In vivo, UPF1H PTEN KO tumor mainly manifested a 

higher expression of c-MYC-1 whereas MINO PIK3CA UP demonstrated increased ex-

pression of both c-MYC-1 and c-MYC-2. Moreover, there was an increased expression 

of c-MYC-н ƛƴ ŀƭƭ ƛƴ ǾƛǾƻ ƳƻŘŜƭǎ ƛƴŎƭǳŘƛƴƎ ǇŀǊŜƴǘŀƭ ŎŜƭƭ ƭƛƴŜǎΩ ƳƻŘŜƭǎ ŎƻƳǇŀǊŜŘ ǘƻ ƛƴ 

ǾƛǘǊƻ ŎŜƭƭ ƭƛƴŜǎΩ ǎŀƳǇƭŜǎΦ Lǘ ǎŜŜƳǎ ǘƘŀǘ Ŏ-MYC-2 expression is induced mainly in vivo. 

PIK3CA upregulation and PTEN loss impact on tumor growth is probably mediated by c-

MYC. Unfortunately, our study was limited to one model for each aberration PIK3CA 

UP or PTEN KO, which is not enough to confirm this hypothesis. In the future, other 

experiments investigating the role of PIK3CA gain and PTEN loss in vivo are warranted. 

Reactivation of the PI3K-AKT pathway as a mechanism of PI3K inhibitors tolerance 

and resistance was mentioned in the past (Yin and Shen 2008). Schwartz et al. con-

ŎƭǳŘŜŘ ǘƘŀǘ t¢9b ŘŜŦƛŎƛŜƴǘ ǘǳƳƻǊǎ ŀǊŜ ŘŜǇŜƴŘŜƴǘ ƻƴ tLоYʲ ŀƴŘ ǘƘŀǘ ǘƘŜ ǳǎŜ ƻŦ ŀ Řǳŀƭ 

tLоYʰκʲ ƛƴƘƛōƛǘƻǊ ƛǎ ŜŦŦŜŎǘƛǾŜ ƛƴ ǊŜƎǊŜǎǎƛƴƎ ǘƘŜǎŜ ǘǳƳƻǊǎ (Schwartz et al. 2015). But our 

study demonstrated that PTEN loss was associated with resistance to AZD8186 (a 
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tLоYʰκʲ ƛƴƘƛōƛǘƻǊύ ŀƴŘ ŎƻǇŀƴƭƛǎƛō όŀ Ǉŀƴ-PI3K inhibitor) in both PTEN KO cell lines and 

to copanlisib in MINO PTEN KD cell line. The UPF1H PTEN KO cell line was especially 

resistant to all PI3K inhibitors. However, our results are supported by another research 

that denoted that PI3K-AKT pathway is tuning PTEN expression, and that PI3K inhibi-

tors treatment resulted in decreased PTEN expression which in turn undermined PI3K 

inhibitors potency and resulted in resistance (Mukherjee et al. 2021), this suggests that 

an initial decreased PTEN expression causes resistance to PI3K inhibitors. On the other 

hand, PIK3CA amplification was shown to be associated with idelalisib (a PI3Yʵ ƛnhibi-

tor) resistance in MCL (Iyengar, et al. 2013). However, none of the tested PIK3CA UP 

cell lines manifested an increased resistance to idelalisib. Moreover, pre-clinical and 

clinical trials proved the sensitƛǾƛǘȅ ƻŦ ōǊŜŀǎǘ ŎŀƴŎŜǊǎ ǿƛǘƘ ƻǾŜǊŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ Ǉммлʰ 

ǎǳōǳƴƛǘ ǘƻ ŀƭǇŜƭƛǎƛō όŀ tLоYʰ ƛƴƘƛōƛǘƻǊύ (André et al. 2019), but from the all four tested 

PIK3CA UP cell lines only MINO PIK3CA UP was more sensitive to alpelisib compared to 

parental cell line. Furthermore, Huw et al. in their study, carried out on breast cancer, 

demonstrated that PIK3CA amplification causes resistance to PI3K inhibitors (Huw et 

al. 2013). This finding opposes again our results since, excluding MINO PIK3CA UP re-

sistance to copanlisib, there were no significant differences between the four tested 

PIK3CA UP cell lines and the parental cell lines after PI3K inhibitors treatment. Once 

more we see that loss of PTEN and gain of PIK3CA resulted in different outcomes and 

conclude that PIK3CA ǳǇǊŜƎǳƭŀǘƛƻƴ ŘƻŜǎƴΩǘ ǎŜŜƳ ǘƻ ƛƴŦƭǳŜƴŎŜ a/[ ǊŜǎǇƻƴǎŜ ǘƻ tLоY 

inhibitors while PTEN loss is associated with significant resistance to this group of 

drugs.   

In vitro and in vivo experiments demonstrated that capivasertib (AZD5363, a pan- 

AKT inhibitor) triggers cytotoxicity in PTEN-deficient DLBCL (Erdmann et al. 2017) 

which goes in line with our results, since both PTEN KO cell lines, despite of higher AKT 

activity, maintained their sensitivity to this inhibitor. Therefore, we suggest the use of 

AKT inhibitors, in combination with other targeted therapies in the treatment of MCL. 

In summary PIK3CA overactivation and PTEN loss are not mutually exclusive in MCL 

as previously stated (Psyrri, et al. 2009), since PTEN loss resulted in a more aggressive 

phenotype. This could be explained by the fact that PTEN, besides his PI3K regulatory 

function, has other important nuclear functions such as maintaining genome integrity 

(Ho, et al. 2020). However, both PTEN loss and PIK3CA gain through different mecha-
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nisms, in an AKT dependent and independent manner respectively, resulted in de-

creased dependence of MCL cells on pro-survival signaling from BCR, increased re-

sistance of MCL to venetoclax (a BCL2 inhibitor used in R/R MCL), and metabolic repro-

gramming that favors survival under hypoxia and resistance to glycolysis inhibitors, all 

of which is associated with progressive disease (Bettazova et al. 2024). 

In DLBCL, aberrant activation of PI3K-AKT-mTOR signaling pathway is frequent and 

the use of therapies targeting this signaling pathway has been repeatedly reported in 

pre-clinical and clinical trials  (Witzig et al. 2011; Zang et al. 2013; Lee et al. 2015; Lenz, 

et al. 2020; Erdmann, et al. 2017; Bojarczuk et al. 2019; Pongas, Annunziata, and 

Staudt 2017). For the time being few drugs have been approved for clinical use such as 

temsirolimus, everolimus, idelalisib, and copanlisib (Janku, Yap, and Meric-Bernstam 

2018). ¢ƘŜ ǊƻƭŜ ƻŦ tLYоʲ ƛƴ ǘƘŜ ǎǳǊǾƛǾŀƭ ƻŦ 5[./[ ƛǎ ǎǘƛƭƭ ǇƻƻǊƭȅ ƛƴǾŜǎǘƛƎŀǘŜŘΣ ǘƘŜǊŜŦore, 

ƻǳǊ ŎƻƭƭŜŀƎǳŜǎ ŘŜŎƛŘŜŘ ǘƻ ŜȄǇƭƻǊŜ ǘƘŜ ŎƻƴǎŜǉǳŜƴŎŜǎ ƻŦ ƛƴƘƛōƛǘƛƴƎ tLYоʲ ƛƴ 5[./[Φ Lƴ 

vitro experiments showed that, regardless of molecular subtype, the use of AZD8186 

(a PIоY ʲκʵ ƛƴƘƛōƛǘƻǊύ ǿŀǎ ŜŦŦŜŎǘƛǾŜ ƛƴ ŀ ǇŀǊǘ ƻŦ 5[./[ ŎŜƭƭ ƭƛƴŜǎΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŜƛǊ ŘŜπ

ǇŜƴŘŜƴŎŜ ƻƴ tLоYʲΦ /ƻƴŎŜǊƴƛƴƎ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ƴƻƴǊŜǎǇƻƴŘƛƴƎ 5[./[ ŎŜƭƭ ƭƛƴŜǎΣ ŀŦǘŜǊ ŀ 

ǘƘƻǊƻǳƎƘ ƛƴǾŜǎǘƛƎŀǘƛƻƴΣ ƻǳǊ ŎƻƭƭŜŀƎǳŜǎ ǇǊƻǇƻǎŜŘ ŀ tLоYʰ ƳŜŘƛŀǘŜŘ ŀŎǘƛǾŀǘƛƻƴ ƻŦ Ƴ¢hw 

as mechanism of resistance and propƻǎŜŘ ǘƘŜ ǳǎŜ ƻŦ tLоY ʲκʵ ƛƴƘƛōƛǘƻǊ ǿƛǘƘ mTOR 

inhibitor combination to get over resistance. Indeed, the combination of both drugs 

was effective in tackling the resistance in vitro (Xu, et al. 2023). The use of dual 

PI3K/mTOR inhibitors in preclinical and clinical trials was shown to be more effective 

and cause less resistance than monotherapy in cancer (Wu et al. 2022). The study car-

ried out by Zang et al represents an example of using a dual pan PI3K/mTOR inhibitor 

Dactolisib (BEZ235) in DLBCL. They demonstrated that BEZ235 was effective in inducing 

death of GCB-DLBCL cells (Zang, et al. 2013) however, they dƛŘƴΩǘ ǘŜǎǘ ƛǘǎ ŜŦŦƛŎŀŎȅ ƛƴ 

vivo. Our contribution was to carry out the in vivo experiments and our results were in 

ƭƛƴŜ ǿƛǘƘ ƻǳǊ ŎƻƭƭŜŀƎǳŜǎΩ ƛƴ ǾƛǘǊƻ ǊŜǎǳƭǘǎΦ ²Ŝ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ 

!½5 умус όŀ tLоY ʲκʵ ƛƴƘƛōƛǘƻǊύ ŀƴŘ !½5 нлмп όŀ Řǳŀƭ Ƴ¢hw inhibitor) is effective and 

succeeds in either stabilizing or decreasing tumor growth of the different tested mo-

lecular subtypes including refractory DLBCL without causing adverse side effects (Xu, et 

al. 2023). 
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7 Conclusion 

In MCL, a rare aggressive subtype of B cell NHL, we investigated frequent alterations 

of PI3K-AKT signaling pathway. We found that each of PIK3CA overexpression and 

PTEN loss through different mechanisms increases MCL survival, fosters metabolic re-

programing towards glycolysis, and causes resistance to a panel of targeted therapies. 

Our western blot and coimmunoprecipitation results could not fully explain these find-

ings, however, some of PTEN loss consequences seem to be AKT dependent while 

PIK3CA gene upregulation probably behaves in an AKT independent manner. 

A. PIK3CA gene upregulation is a common finely tuned mechanism which is not as-

sociated with increased phosphorylation of AKT while PTEN loss is less common, 

caused by monoallelic deletion or non-genetic modifications or a combination of 

both and is associated with hyperphosphorylation/overactivation of AKT. 

B. PTEN loss significantly decreases dependence on BCR pro-survival signaling and 

is associated with increased resistance to BTK inhibitors. On the other hand, 

PIK3CA gene gain slightly decreases dependence on BCR pro-survival signaling 

without changing sensitivity to BTK inhibitors. 

C. PTEN loss is associated with major metabolic reprogramming towards glycolysis, 

important resistance to hypoxia and glycolysis inhibition while PIK3CA gene gain 

decreases OXPHOS and to a lesser extent increases survival under hypoxia and 

resistance to glycolysis inhibitors. 

D. PTEN loss increases resistance against BCL2, MCL1 and PI3K inhibitors, and in-

creases sensitivity to BCL-XL inhibition while PIK3CA gene gain promotes re-

sistance to BCL2 and MCL1 without significant changes in sensitivity to PI3K in-

hibitors.  

E. Partial PTEN loss increased AKT activity and resistance to BTK, BCL2, MCL1, and 

copanlisib (a pan-PI3K inhibitor).  

In DLBCL, the most common subtype of B cell NHL, we demonstrated that the com-

ōƛƴŀǘƛƻƴ ƻŦ !½5 умус όŀ tLYо ʲκʵ ƛƴƘƛōƛǘƻǊύ ǿƛǘƘ !½5 нлмп όŀ Řǳŀƭ Ƴ¢hw ƛƴƘƛōƛǘƻǊύ ƛǎ 

synergetic and effective in stabilizing/reducing tumor size in different molecular sub-

types.  
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8 Suggestions for future research 

hǳǊ ǎǘǳŘȅ ŘƛŘƴΩǘ ŜȄǇƭƻǊŜ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜǎŜ ŀōŜǊǊŀǘƛƻƴǎ ŀŦǘŜǊ ŦƛǊǎǘ ƻǊ ǎǳōǎŜπ

quent relapses nor their percentage in patients with low or no bone marrow infiltra-

tion and therefore, should be further investigated. Given the frequency of PIK3CA copy 

gain confirmed by multiple studies in MCL, more investigations are needed to shed 

light on all the mechanisms by which PIK3CA gene upregulation impact the behavior of 

MCL such as exploring the SGK3 signaling pathway. Since both partial and complete 

PTEN loss caused BTK inhibitor resistance, further investigations to confirm this corre-

lation in primary MCL samples, before and after failure of BTK inhibitor therapy, are 

warranted. We also suggest testing the combination of BCL-XL inhibitor with veneto-

clax in the treatment of MCL.  
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