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Abstrakt

Nehodgknské lymfomy (NHL) jsou skupinou heterogennich lymfoproliferativnich
YFEEATYAG LI2OKET S2NONOK Dereguiade signalf d@rghede G4 y S
fatidyl-inositol3-kindza ¢ protein-kindza B/AKT(PIBKAKY KNJ 28 RAf SOA G2
v patogenezi chemorezistendi  LINE 3 NJBIELA MabgkuRrdi mechanismy vedou-
ci kaberantni aktivaci PIBKY ¢ RN} K& 2&a2dz 2Rf-NdLyS dz NAIT yé

[8YT2Y TOKJIGdNRTeoadzy S 6 \eadlehodgkingkgynidryi pha-
NI {GSNRT 20 yeée OKNRBY2T 2Y+tEyN GGNIryatz21F ON o
Y2t S{1dzZ t NYNOK | Deé @ az8knnriplifikaigierés PIK3CAKSUS]iy
ONK2 Limmnh {1 G ki ®sfafid@indit3-kidazg P8BR)y rebo ztat

funkcefosfatazy a homologu tenzinu (PTEN), negativniho regulatoru PI3K.

Cilem této studie byla komplexni analyza vidé OS dz@S RSy é ®PK30A0 SNI ON
PTENnha biologii a lékovou rezistentdCLa to pomocio dzy S6y é OK f AyAN a/
JEKEL, UPF1H, UPF19U a Z138) s transg@wer)expresi gentlPIK3CAPIK3CAJP) a
knockouf knockdowngenem PTEN(PTENKO)(PTENKD), napodobujici celkovou a
6t a0S6y2dz 1 G NJI. Brdzstudii® dogadsyudavangh® b SN ON  y I Lnj
al[ oBay¥$ aATylrtAT Il ON 1 PIKBOAUPPEENG aPTEN dzy S8 Y
KD2R@21T Sye o0dz & edBRdaf DNYWS K 2. EXpicebSlakitivien N1z
fosforylované proteinkindzy B (AKT) d&wnalyzovana pomodVestern bldting a po-
moci metodyForster resonance energy transfer (FRERgrgemetabolické drahy byly
zkoumanypomoci Seahorsanalyzatorua pomoci hypoxického inkubatorike stano-
GSYN OAGf A@2al Ak NEK3CAIR BSTENBG a RTENKSG Y e KO $ A F &
L2 dzOASE INFAYf y e OK 4SSt ST OADBYNOK AYyKAOAG2NA Al
ton tyrozinkindzy (BTK), inhibitor glykolyzy a BH3 mimetika

¢NF ya3aSyyN yI RYBKIASSEELINS&E32BSydz a LI Ny
fosforylaci nebo aktivaci A&K® b GNO OA (i f PRICAP nadpdngl biy-é OK  f

G2NA tLoY yS062 AONMHziAYAOD OAYKAOAG2NI . ¢YD
RS 1S n G(GSait20ryeOK o0dzyS6yeOK fAYAN o&f @
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10SNEe a$8 61 8ONBOA Rhj®dz8 SONK2 Kk NBFNI 1 4 SNY NK 2
tor MCL1) 2 & CeQpfese gentPIK3CA Y NOAt I+ T+ gAat248d G(S4a020
al[ Yyl LnNSOAGNET RFEYyS &aA3ylFftATIFON T ./ wZ &
I @é O Astehd nadBHibitor glykolyzy2-deoxyglukézu (DG), azrychlila rychlost
NA&GR2NHz Ay GAG2d tnSaysS Yz2tS1dZt NYN YSOK
NE Ot YyNZ TAaadt graN ySNRI LRITYylIyST yAOYSYS y
NEfI OS ! YOSYRA ¥t S RN IIPAKRQAz aF/diy 1352 & SiyLdNER 3 i
ny nezavisle na AKZirata PTENbyla spojena syraznymfenotypemPTENY h 0 dzy S =
10SNE o0&f YIYyATSau20ty KELISNF2aF2NEfIl ON |
NETAZGSYON YyyelKioyKRazoh82dA Tt LoYE AONMHziAY.
OGAYKAOAG2NI ./ [HOZ 1 0e 69ys2 di d@AQIStyA2@2 a3 N8 1y2H &
asS 1 ge O0Sy 2 dz-DeEhhiditar gh&oyON Iy @ e NBESY e fy2 @adoruMA & i dz
A D2 |+ LIAYNEK2Z2RY B | OKSORGENN RIL21Sa BS&EYWH fTAGN
GF t¢9b YStlF LIR2R20Yy2dzz ive Sovnag y StalmdArltdul y 2 dz
PTENkde 0 dzg RTENKD vylzalyy | RYSNY 2dz | {1 GA @ OA LINRGSAYcC
tenci na copanlisib (lmbitor panPI3K), ibrutinib (inhibitor BTK) a venetoclax (inhibitor

./ [0 yST YSyBGXix yOKAAGSE MIZ2ND (I VIl G@DGSyt 2R2fy

[ TS &KNY2dziz PK3AmizEala fulkdegrdtding PTEDWG @&t & 1 NAT
yeY FSy2ielLAvVZdzyROUSES|1 68z ayedSY Nyt AEOR AN
AAAYLFEATFON T /w2 | 1T @d60SyN LINSOAGN al |

POXil.
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Abstract

Nonl 2RI{ Ay Qa feYLK2YlFa obl [0 FNB I 3INERdzLJ
malignanciesoriginating from B/T or NK cell$he cregulation of the phosphatidyl
inositok3-kinaseprotein kinase B/AKT (PI3KAKT) signaling pathway plays an im-
portant role in the pathogenesis, chemoresistance, and progressioANHLB Themo-
lecular mechanisms leiéng to the aberrant activation of PI3KKT pathwayary in

different subtypes of BNHL.

Mantle cell lymphoma (MCL) is a B cell aggressivelnanR3 {1 Ay Q& f @ YLIK2 Y|
terized by the chromosomal translocation (11;14) and the presence of many recurrent
molecular and cytogenetic alterationgjcludinggainamplification of PIK3CAcoding
F2NJ I Limmnah OFGFft@GAO &adzodzyAld 2F GKS LIK23

phosphatase and tensin homolog (PTEMXtion, a negative regulator of PI3K.

The aimof this study was a complex analysis of the effect of the almgationed
PIK3CAand PTENgene aberrations on the biology and drug resistance of MCL using
(MINO, JEKQ, UPF1H, UPF19U and Z188) lineswith transgenic overexpression of
PIK3CAPIK3CAJB, and knoclout/knock-down of PTENPTENKO) (PTENKD) mim-
icking total and partial PTEN protein losko study theimpact of thestudied aberra-
tions onthe pro-survival signaling from BGRMCIL,. cells with an additional knock out
of B-cell receptor wee derived fromPIK3CAJP, PTENKQ andPTENKD cell lines.The
expression and activity gfhosphorylated protein kinase B (AKAigre analyzed using
western bloting and Forster resonance energy transfer (FRERergymetabolic
pathways were investigatedsing a Seahorse analyzer and a hypoxic incubatqan-
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 oPIK3CAJP, PTENKQ and PTENKD cell lines to these treat-
ments Transgenic oveexpression ofPIK3CAwvas not associated with appreciable
changes in AKT protein phosphorylation or AKT kinase activation. Mor¢logesensi-
tivity of PIK3CAJP cell lines to 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) MChnd to S63845 (a MCL1 inhibitomcreasedPIK3CAex-
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pression decreased dependence of the tested MCL cell lindlsegoro-survival signal-

ing from BCR, lowered levels of oxidative phosphorylation (OXPHQOS), increased re-
sistance to the inhibitor of glycolysi 2deoxyglucose (Z2DG), andincreased 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 thRIK3CAjain consquences are mediated independently of
AKT in MCLLoss of PTEN was associated with a distinct phenotyibePTENKO cells
manifesting hyperphosphorylation and overactivation of AKT protein, increased re-
sistance to the majority of tested PI3K inhibitoiistutinib (a BTK inhibitor) and ve-
netoclax (a BCL2 inhibitor), increased sensitivity to-BICinhibitor, increased glyco-
lytic rates associated with increased resistance tBQ@ (a glycolysis inhibitoy)in-
creased tumor growtlrate in vivg and remarkalyl decreased reliance on the pro
survival BCR signalin@artial PTEN loss hadsemilar but lesgpronouncedmanifesta-

tion compared to the total loss of PTEN wWRITENKD cellsshowingoveractivation of

AKT protein, increased resistancedopanlisib (a pa#13K inhibito), ibrutinib (a BTK
inhibitor) and venetoclax (a BCL2 inhibitariichangedsensitivity to BGXL inhibitor

andincreased resistance toRG

In summaryPIK3CAjain andPTENoss resulted in different phenotypes, however,
both attenuate a&pendence of MCL cells on psarvival signaling fronrBCR andn-
crease survival of MCL cells in response to BCL2 inhibition, glycolysis inhibition and

under hypoxia
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1.1

Introduction
Non-Hodgkin’s Lymphomas (NHL)

NHL represent a group of heterogenous lymprtaiferative malignancies that orig-
inate from B, T lymphocytes or natural killer (NK) cells at varying stages of maturation.
Taking into consideratiothe incidence variation among different populations, NHL
represents2.8% of cancer diagnoses in the vdoranking seventh most prevalent can-
cers that are responsible for 2.6% of oncological deaths. B cell Lymphieprasents
the most common subgroup. NHL are in general more frequent in men with a usual
age of presentation higher than 65. Certain types ahslocations, autoimmune dis-
eases, exposure to toxins, viral infections, radiation and vitamin deficiency represent
risk factors for the development of NKlLhandra et al. 2021; Chu et al. 2023; Rabkin et
al. 2008; Amitage 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 nd progress to a more aggressive type, examples of such lympharedsillicu-
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 opatient. 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 (MCLNHL 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.. Z201&)
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 transplantAnsell and Armitage @®5; Derebas et al. 2022fEven
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 initialsponse to therapyBurkart and
Karmali 2022; Sawalha 202Epr the time being, a lot of efforts are directed towards

unraveling the mechanisms behind the aggressivity of certain types of NHL with a final

17



1.2

goalof iy RAYy 3 'y | LIINBLNARFGS GNBIFGYSyd GKIFQ

currently studied mechanisms is the overactivation of PABK signaling pathway

Classification of non-Hodgkin’s Lymphomas

NHL are classified according to different criteriactswas cell of origin, clinical
presentation and course (indolent or aggressive), histology, immunophenotype and
genetic/molecular feature¢éAmhaz, Bazarbachi, and@heikh 2022; Vose et al. 2008)

I am only goingd mentionthe 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

Central lymphoid tissue Peripheral lymphoid tissue

Precursor B cells Peripheral (mature) B cells

Progenitor B cell -FL
EGFEL Lymph node =
» K,
| O
|'VDJ reoombination] . Centrocyte
g ‘[ ' Centroblast

Pre-B-cell | sHManacsR | .

l | moL | [cLustt] I \
A 7

Plasmablast Plasma cell
Immature B cell = 4
O ® ’
_ —_—
Antigen contact
Naive B cell
Precursor Peripheral (mature) lymphoproliferative diseases
lymphoproliferative
diseases
Figure 1

[Simplified schemef B cell development showing distinct types afilBL arising from
different nonmalignant lymphoid counterparis MCL, mantle cell lymphoma; GCB
DLBCL, germinal centeicBlHike diffuse large #8ell lymphoma; ABC DLBCL, activated
B-celtlike diffuse lage Bcell lymphoma; FL, follicular lymphoma; CLL/SLL, chronic lym-

LIK2O08GAO fSdzZl SYAlkaYlFff faYLK20diAO feYLXK

taken from(https://pubmed.ncbi.nim.nih.gov/32290241/(Klanova and Klener 2020)
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One of themost usedclassifications by clinicians and pathologists is the WHO classi-
fication of hematolymphoidumors which is being updated approximately everg(®b

years with the latest being the 5th edition, published in 2Q&Rggio et al. 2022)
The ffth edition classification of mature B ckaplasmgAlaggio, et al. 2022)
1 Preneoplastic and neoplastic small lymphocytic proliferations
1 Splenic Bell ymphomas and leukemias
1 Lymphoplasmacytic lymphoma
1 Marginal zone lymphoma
1 Follicular lymphoma
1 Cutaneous follicle centre lympham
1 Mantle cell ymphoma
1 Transformations of indolent-Bell ymphomas
1 Large BEcell ymphomas, DLBCL is a subtype.
1 Burkitt ymphoma
1 KSHV/HH\Wssociated Bell lymphoid proliferations and lymphomas

1 Lymphoid proliferations and lymphomas associated with immdefciency

and dysregulation

Another common classification is the Ann Arbor classification that is mainly used for
aidr3ay3d GKS RA&SFaSzT FOO2NRAYy3I (2 f@YLK
stages I, I, lll or IV. The Ann Arbor classificationpgsognostic one and is used to
choose the appropriate line of treatmeriCheson et al. 2014) ately, a modified ver-
sion of the Ann Arbor classification (The Lugano classification of NHL) is preferably
used in NHI(Cheson, et al. 2014; Cheson 2{Taple 1).

19



1.3

1.3.1

Stage | Involvement Extranodal status
Single extranodal lesions without
I One node or a group of adjacent nodes nodal involvement
Stage | or Il by nodal extent with lim
Two or more nodal groups on theraa side | ited contiguous extranodal involve-
Il of the diaphragm ment
Il
(bulky) | as above with "bulky" disease Not applicable
Nodes on both sides of the diaphragm; nod
above the diaphragm with spleen involve-
[l ment Not applicable
Additionalnon-contiguousextralymphatic
vV involvement Not applicable
Table 1

Luganaclassification for NHL modified and taken from

(https://mwww. ncbi.nlm.nih.gov/pmc/articles/PMC93276§1Radhakrishnan et al.

2022)

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

Mantle cell Lymphoma (MCL)

Definition

Mantle cell lymphoma (MCL) is a raaggessive, incurableghronicallyrelapsing

type of mature B cell noiodgkin lymphomahat resistsexistingtreatment. MCLorig-

inatesin the mantle zone of the lymph node and,nmost casesjs characterized by the

translocation t (11;14) (g13; g32Which kads 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 genomicalterations are e.gmutations of ATM, TP53 NOTCH,

CDK4 and RB1genes(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)
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1.3.2 Epidemiology
MClLis considered a rare subtype NHL, representing roughly% 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 of3:1. The age of presentation is around 68 ye@i&ang and Ma
2014; Jeon et al. 2019)

1.3.3 Signs, symptoms, and diagnosis
MCL, in most cases, is diagnosed at an advanced stage (lll or IV). It usually presents

with lymphadenopathy, B symptoms, fatigue, hepatosplenomegaly and symptoms of
gastrointestinal tract involvement or involvement of other organs such as tleadiy
pleura, orbit, CNS, anid associated with an abnormal blood count due to bone mar-
row involvement(Lynch et al. 2023; Ali et al. ZB2Radhakrishnan, et al. 2022)n-
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 ahbody CT scan are perform¢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: @&bsic, 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 aggressivifeloza, Riber&ortada, and Campo 2019; Tiemann et al.
2005) Immunophenotypically, MCL is characterized by being CD5+, CD20+, cyclinD1+
(Wang and M&014)
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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 andd 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, atgpicells 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/htn)l (Veloza, Riber&ortada, and
Campo 2019)

Clinically and on thenolecular level MCL is subdivided int&) 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, &)donventional MCL (more common), presumed to
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originate from naive prgerminal center B cells, clinically aggressive, and is character-
ized bynon 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 V282g)

1.3.5 Prognosis

Extent of MCL disseminatiorhistopathologicappearanceki-67 expression pres-
ence/absence ofGHVand TP53 mutations, SOX11 expressioand MCL international
prognostic index (MIPI), which includes age, lactate dehydrogenase (LDHWeNe
blood cells count and performance status, are used to determine MCL prodRoset
al. 2022; Hoster et al. 2008; Jain and Wang 20@2ptc is MIPI including 467. High
MIPI, pleomorphidblastoid histologic appearancehigh Ki67, overexpression of
SOX11, absence of IGHV mutatiansl presenceTP53alterationsare associated with
poor prognosis Progress in molecular pathogenesis is bringimagye and more insight
into the genetic, epigenetic, and moleaulfactors that can be used, the nearfuture,
in MCLprognostication(Navarro, et al. 2020; Navarro, et al. 2012; Jain and Wang 2022;
Scheubeck et al. 2023 implified MIPtescribed in Table.2.

Table 2. Simplified MIPI calculation

Points Age (years) ECOG LDH/ULN Leukocytes
Performance (x 10°/)
Status
0 <50 0-1 <0.670 6700
1 50-59 — 0.670-0.999 6700-9999
2 60-69 2-4 1.000-1.499 10000-14999
3 =69 —_ =1.499 =14999

Risk stratification

0-3 Points Low risk
4-5 Points Intermediate risk
6-11 Points High risk

Abbreviations: ECOG, Eastern Cooperative Oncology Group; LDH, lactate
dehydrogenase; MIPl, Mantle Cell Lymphoma Intemational Prognostic
Index; ULN, upper limit of normal. For each prognostic factor, 0-3 points
are given to each patient and points are summed up to define a category
of risk.

Table 2

Simplified MIPI calculation. Modified and taken from

(https://pubmed.ncbi.nim.nih.gov/24854989/ (Dreyling, Ferrero, and Hermine 2014)
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1.3.6 Treatment
The choice oftreatment depends on age, genersiatus,and eligibility for trans-

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

Transplant eligible ‘ Transplant Ineligible ‘
; \ ¥ v

‘ Intensified regimens Alternate Options ‘ ‘ Less intense regimen | ’ Supportive Care ‘
v v v
* R-HyperCVAD/R-MTX- + RCHOP/RDHAP « BR
Ara-C* +« RDHAP + Low dose Cytarabine+ BR
+ R+Maxi CHOP/R-Ara-C + Mod R-Hyper- + Modified HyperCVAD followed
+ \+modified R- CVAD by monoclonal antibody
HyperCVAD(VcR-CVAD)* + V+ RCHOP (Rituximab) maintenance
+ VR-CAP * Lenalidomode+Bendamustine
+ Lenalidomide+R

L

Consolidation with Autologous
Stem Cell Transplant

\Lf relapsed diseases

‘ Rituximab Maintenance | J{ J’

+ Novel agents » Cellular Therapy

+ Proteasome Inhibitors: Bortezomib, Ixazomib (CAR-T cell)

+ BTK Inhibitors (Ibrutinib +/- chemoimmunitherapy, « BITE
Acalabrutinib, Zanubrutinib, venetoclax+Ibrutinib), > (Blinatumamab)
non-covalent BTK Inhibitors » Allogeneic Stem Cell

» Epigenetic agents Transplant in

¢ Immunomodulators (Lenalidomide+ Rituximab second remission
induction/maintenance)

+ mTOR inhibitors

» PI3K Inhibitor

Figure 3

[MCL treatment algorithm. BiTE, bispecificell engager; BR, beathustine and ritux-
AYFOT . ¢YX . NYzi 2y TAchimedid\ahtigényfeseptfit el CHOR, / | w
cyclophosphamide + vincristine + doxorubicin + prednisone; Mod, modified; mTOR,
mammalian target of rapamycin; RDHAP, rituximab + dexamethasone + cykarabi
cisplatin; RHyperCVAD, rituximab in combination with hyperfractionated cyclophos-
phamide + vincristine + adriamycin + dexamethasone; V, bortezomi§; WAR, borte-

zomib with modified RlyperCVAD; VRAP, bortezomib plus rituximab + cyclophos-
phamide +doxorubicin + prednisoh€ited and Taken from
(https://www.ncbi.nim.nih.gov/pmc/articles/PMC888294Jfu, 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 diBond, Martin, and Maddocks 20215tudies
about the mechanisms behind the resistance of MCL and new therapeutical alterna-

tives toprolong remission and improve survival of patients are thus warranted.
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1.4 Diffuse large B cell lymphoma (DLBCL)

DLBCIis a mature B cell ymphoma that consists of a heterogenous group of diseas-
es that differ biologically, clinically, genetically (having ssvaolecular subtypes) and
in their response to treatmen(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 gjhtly more affected than femalegSehn and Salles 2021,
Radkiewicz et al. 2023\ ccording to the fifth edition of WHO classification of hemato-
lymphoid tumors, DLBCL not otherwise specified (NOS) is the most comixBGL
(Alaggio, et al. 2022PLBCL is a higirade lymphoma that is further subclassified ac-
cording to cell of origin, molecular and genetic characteristics. Using gene expression
profiling, DLBCL is subdividado germinal enter Bcell like (GCB) arattivated Bcell
like (ABC) with the latter being more aggresgiMans et al. 2004 Clinically, DLBCL
presentswith a peripheral lymphadenopathy, involvement of other orgasrswith a
combination of both. B symptoms are present in approximately 30% of cases and cor-
relate with worse prognosiéSusanibafAdaniya and Barta 2021; Mamgain et al. 2022;
Kurz et al. 2023)Histologically, it pesents 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 ligt 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/PMC10137297Kurz, et al. 2023)
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1.5

International Prognostic Index (IPI), which takes into consideration the age, serum
LDH level, Ann Arbor stage, ECOG performance status andnexiahinvolvement
(Ruppert et al. 202Q0)remains the preferred model to determine DLBCL prognosis
(Jelicic et al. 2023 he current treatment of DLBCL depends on the stage atptas
tion and consists of cycles of chemotherapy usin@HOP (rituximab with cyclophos-
phamide, doxorubicin, vincristine and prednisolone) or the more aggressiRGTH
(rituximab, etoposide, cyclophosphamide, doxorubicin, vincristine and prednisone)
(Mamgain, et al. 2022Dther than chemotherapy new thapeutic options to treat
DLBCL have come out lately, for example: selective BTK inhibitors, aqtibegycon-
jugates (ADCs), chimeric antigen receptor T cells{IJARonoclonal antibodies and
bispecific T cell engage(Paillassa ah Safa 2022)Despite the improvement ithe
survivalof patients affected by DLBCL, around58¥ of them will experienca re-
lapse or become refractory being left with few treatment optigMinghan et al. 2022;
Lenz et al. 2020)Thus, further efforts to find newherapies,especially folR/RDLBCL,

are warranted.

PI3K-AKT-mTOR signaling pathway

PhysiologicallyPISBKAKTMTOR signaling pathway is involved in the regulation of
several important cellular functionsuch as growth, proliferation, survival, mobility,
immune response and metabolis(ile et al. 2021; Yang et al. 2019; Koyasu 2003; Yu
and Cui 2016)Therefore, the activation of PIKKFmTOR signaling pathway, unde
normal conditions, is strictly controlled. One of its most important regulators is the
phosphatase and tensin homolog (PTEN&ddadi et al. 2018)nitiation of PISKAKTF
MTOR signaling pathway is triggered by #utivation 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 3kinase (PI3K), which iturn, phosphorylates phosphatidylinositol 4,5
bisphosphate (PI1(4,5)P2) into phosphatidylinositol 3tdgphosphate (PI(3,4,5)P3).
Both, the phosphoinositidelependent kinasd (PDK1) and AKT, bind to PI(3,4,5)P3,
which allows the phosphorylation of Ay PDK1 at threonine 308 (T308). For full ac-
tivation of AKT, the mammalian target of rapamycin 2 (nNTORC?2) phosphorylates it at
serine 473 (S47)3Hart and Vogt 2011; Zhang et al. 20@8gure.5). Once AKTSs acti-

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

PIBKAKTMTOR 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, phosphoinositidpendent kinasd; TSC1/2,
tuberous sclerosis %2; 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 4Binding proteinl. Modifiedandtakenfrom
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC100312§%Zhang, et al. 2023)

Many drugs have been developed lately and are being developed tott&ig&
AKFMTOR signaling pathway in cancer. These drugs show better efficacy, when used

in combination with other targeted therapid&laviano et al. 2023)

Phosphatidylinositol 3-kinase (PI3K)

Thereare 3 major @sses of PI3K: class I, class II, and class lll; each with a different
function. Class I, which is theost studiedclass in cancer, is further subdivided into
Oftraa L! IyR Oflaa L. /flaa L! AyOfdzRRSa
encodedby the genefIK3CAPIK3CRBNnd PIK3CDespectively, which bind to the regu-
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1.5.2

fFrG2NB adzodzyAl Llypo /flFaa L. AyOPKIRSA GKS
gene, which binds to the regulatory subunit p101 and p84/f8¥an and Kiger 2014,
Martini et al. 2014)¢ KS OF Gt @ A O adzmdzyAda + FyR + N
and play a role in the activation of lymphocytes and chemot@gisantry et al. 1997,

Castillo et & 2014) Class IA are generally activated by a tyrosine kinase receptor,
whereas class IB by GPQRss et al. 2012The different PI3K class | isoforms are spe-

cific and at the same time functionally redunda(Wanhaesebroeck et al. 2010;
Chaussade et al. 200{able3).

PI3K | Isoform | Tissue Distri- Mouse - Major Function

Class bution Phenotype

IA pp p 1| Leukocytes and | Embryonic lethal | Proliferation, differ-
ubiquitous entiation, survival,

migration, chemotax-
is, phagocytosis, me-

P p p T Leukocytes and| Embryonic lethal | t@Polism
ubiquitous
b p p 1 Leukocytes, Impaired B cell
thymus, breast | development
IB b p p 1 Leukocytes, Impaired inflam- Cell migration, chem-
thymus, heart, |I AOET I - otaxis, inflammation

endothelium severe T cell and
NK cell defect)

Table 3

Tissudistributionand functionof different PI3Kisoforms.Talenfrom

(https://mwww.ncbi.nlm.nih.gov/pmc/articles/PMC4125533Westin 2014)

Phosphatase and tensin homolog (PTEN)

PTENSs a tumor suppressor genlts protein product PTEN hagtoplasmic and nu-
clearfunctions. In the cytoplasm, PTEMin function is of a phosphatase that regu-
lates the PI3KRKTMTOR signaling pathway by dephosphorylating PI(3,4,5)P3 into
P1(4,5)PqTamguney ad Stokoe 2007)in the nuckus, itregulates genome integrity,
controls cell cycle progression, DNA replication aneserves chromatin organization
(Ho et al. 2020jFigure6).

28


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

Figure 6

PTENytoplasmicand nuclearfunctions.CENFC,centromereprotein-C;ERK, extracel-
lular signatregulatedkinase.Takenfrom

(https://pubmed.ncbi.nim.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; LeboKk. &4 5)or from a downregulation of its
expression caused by aberrant regulatory mechanisms. PTEN is regulated by different
mechanisms at the transcriptional, post transcriptionahd posttranslational level,
which includes: ubiquitylation, phosphortilan, oxidation, acetylation, -Bitrosylation
and sumoylationLee, Chen, and Pandolfi 2018; Wang, Huang, and Young (Zd:5)

ure.7).
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Figure 7

PTEN expression regulation. (A) At the transcription level, (BeAtdsttranscription

level, (C) At the podtanslation level: phosphorylation, ubiquitination, oxidation,
acetylation,and proteinprotein interaction. When phosphorylated PTEN is at a closed

state and therefore inactivated. BM| B celispecific Molong murine leukemia virus
integration site 1; TGF, transforming growth factor; EVI1, ecotropic virus integration
AA0S M LINRPOSAY K2Y2f 23T L DC-uicEpedthindingt Ay f A
factor 1; EGR, early growth response 1; PPAR, peroxispmoéferator-activated re-

ceptors; CBP/p300, CREB binding protein; miR, 1RidAy; FRex2, phosphatidylinositol
(3,4,5)trisphosphatedependent Rac exchanger 2; SIPL1, SHARPIN; ROS, reactive oxy-
gen species; NEDD4, neural precursorecgitessed developmaailty downregulated

gene 4; CK2, casein kinase 2; GSK3, glycogen synthase kinase 3; ROCK, Rho associated
protein kinase. Taken fro

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4712330Wang, Huang, and Young

2015)

1.5.3 Protein kinase B (AKT)
AKTor protein kinase B (PKB) is a serine/threorkimease thathas three isoforms:
AKT 1, AKTand AKT3AKT is critical executoof PI3K, whicleither activaes or in-
hibits many different substrates by phosphorylation regulating important cellular func-

tions, such as cell survival, growth and proliferation, glucose hemostasis and metabo-
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1.5.4

lism, cell migration and invasion, immunity and angiogengsasudevan and

Garraway 2010; Nitulescu et al. 201B)gure8).
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Figure 8
Downstream effectors of AKT. Activated AKT increases cell survival and proliferation,

protein synthesis, glucose uptake and glycolysgen from
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4750533Nitulescu, et al. 2016)

Mammalian target of rapamycin (mTOR)

MTORSs a serine/threonine kinaseyhich 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 proteinm8)ORC1 has a regulatory
protein associated with mTOR or (Raptos)the hird component, while mTORC2 has
a rapamycin insensitive companion of mTOR or (Ri€Wwang et al. 2014{Figure9).
MTORCL1 is a downstream target of AlKa@t facilitatescell growth by promoting pro-
tein, lipid, and nucleotidesynthesisand shiftsmetabolism from oxidative phosphoryla-
tion (OXPHOS) to glycolygBenSahra and Manning 2017; Saxton and Sabatini 2017)
(Figurel0). Y ¢ h w/ H Qralevaitaieiis the phosphorylation and activation of AKT.
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It also has a role in promoting cell proliferation and survival by activating several AGC
(cAMRdependent,cGMRdependent and protein kinase C) family kinag@axton and
Sabatini 2017)

mTORC1 ) mTORC2

PRAS40

Figure 9

MTORC1 and mTORC2 structures. mLST8, mammalian lethal with Secl13 protein 8;
mSIN1, mammalian stresstivated protein kinase (SAPRK)eracting protein 1;
PRASA40, proline rich AKT substrate 40. Taken from
(https://pubmed.ncbi.nim.nih.gov/2480424p(Wang, et al. 2014)
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Figure 10

MTORCL1 signaling pathway. Kinase mTORCL1 stimulates glutaminolysis, aerobic glycol-
ysis, lipid sythesis, nucleotide synthesis and protein synthesis. It inhibits autophagy
and lysosome biogenesis. TFEB, transcription factor EB; ULK]-likec autophagy
activating kinase; 4BP, eukaryotic translation initiation factor 4ihding protein;

CAD Carbanoylphosphate synthetase +A&spartate transcarbamoylase + Dihydroro-
tase; ATF4, activating transcription factor 4, SREBP, sterol regulatory elbmeinig
proteins; HIF1, hypoxia inducible factor. Taken from
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5545101(BenSahra and Manning

2017)
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1.6 BCL2 family proteins a downstream target of PI3K-AKT signaling pathway

AKTis known to inhibit apoptosis by targeting tH&CLXamily proteins promoting
cell survival (Figur8). The BCLZamily praeins represent a group of molecules that
regulate cell death by apoptosis. The extent of their expression and binding affinitie
(Tabk 4) determines their interactions that consequently decide the cell fqtcale,
Osterlund, and Andrews 2018)

Interactions between BCL-2 family proteins
L

J

(Fro-apnpmlic,

BH3-only ‘activators' Pro-apoptotic, BH3-only ‘sensitizers’
r Als N
Protein or BH3 peptide  BID(tBID) BIM BAD BIK None BMF Hrk Noxa PUMA
Drug (BH3 mimetic) None None ABT-263 ABT-263 ABT-199  None WEHI-539 $63845  None Pro-apoptotic,
Pro-apoptotic, BAK pore-forming
pore-forming  BAX BAK BAX
Pro-suvival ~ BCL-2
BCLW
BCL-X,
BFL1 I
MCL1 L L

Weak or no Strong Weak or no Strong
direct activation activation direct inhibition inhibition

Table 4

BCL2 family proteinsantiapoptotic, proapoptotic, activators, sensitizerand their
binding affinities. Taken from
(https://lwww.ncbi.nlm.nih.gov/pmc/articles/PMC7325303&ingh, Letai, and Sarosiek
2019)

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

BCRis mmposed 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
AYYdzy 2 3t 2 oAd¥t YAdyy 203 fI12y0RdzE Ay | (Dong BtaldRD22MftgrR  / 5 T
the antigen bindingto BCR a signal transduction is initiated including the AKK
MTOR signaling pathway (Figure 11).
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BCR signaling pathwaUpon the antigen binding to BCR, different pathways are acti-
vated: PIBKAKFY ¢ hwX b C¢ . 3 -RABWPKI p¢tiRvaysy 'which crosstalk.
Modified and taken fronthttps://pubmed.ncbi.nim.nih.gov/2724756/) (Sharman and

Di Paolo 2016)

1.7.1 Bruton’s tyrosine kinase (BTK)

BTK is an essential executdrBCR signaling pathway that plays a critical role in the
differentiation, development and activation of B cglRip et al. 2021BTK is also par-
ticipating in the signaling of other receptors that regulate cell migration, adhesion and
proliferation (Badar et al. 2014)t also promotes B cell survival and disease progres-
sion in different types of B cell lymphoméRip, et al. 2021 BTK targeted therapies,
such as ibrutinib or the more efficient seconengration acalabrutinib, have emerged
in past yeargByrd et al. 2016; Smithson and Schneider 20M&®ytinib is, by the US
Food and Drug Administration (FDA), approved in the treatment of certain
B cell lymphomassuch as CLL and (R/R) MStephens and Spurgeon 201&ven
though ibrutinib manifested spectacular results in the lafféfang et al. 2013kertain

patients are refractory or develop resistan(&ephens and Spurgeon 2015)
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1.8

1.9

1.9.1

Role of constitutive activation of PI3K-AKT signaling pathway in resistance to

treatment in cancer and mechanisms of overactivation

Giventhe major role of PISMAKT signaling pathway in regulating several important
cellular functions as previously mentioned, its aberrant activation is common and fre-
qguently observed in a large group of cancers that are usually agggemssd resistant
to treatment (Jiang et al. 2020)he overactivationof PIBKAKT signaling pathwayy
inhibiting apoptosissupporting tumor growthand proliferation via N B, mTORC1,
mTORC?2 and phosphorylation of GSK3 | YR LINR Y2 (i A y#as $h8WER 6 A O
to cause multidrug resistand®DR)and consequentlyesistance to chemotherapy in
different types of malignancief.iu et & 2020; Rascio et al. 2021PDne of themost
reported mechanisms of hyperactivation of PKT signaling pathway is loss of PTEN,
involving different types of cancers, such as glioblastoma, endometrial carcinoma, gli-
oma, prostate adenocarcinoma, bladdeancer and breast cancer. PTEN loss was ei-
ther partial or complete, the latter being linked to poorer outcoifWang et al. 1997,
Tashiro et al. 1997; Rasheed et al. 1997; Wang, Parsons, and Ittmann 1998; Cairns et
al. 1998; Nagata et al. 200€)ther 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 can@srns et al. 2007; Zhao and
Vogt 2008; lkenoue et al. 2005; Q. Wang et al. 20AB)I alterations, as a cause of
hyperactivation of PI3AKT signaling pathway, have also been repoitied, et al.

2020) The overactivation of PISKAKT signaling pathway has been documented in NHL

as well, which will be discussed next in detail

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

resistance in NHL

Theconstitutive activatn of PISKAKT signaling pathway is also frequent and con-
tributing to the pathogenicityand aggressiveness dfifferent types ofNHL and re-

sistance to treatmen{Westin 2014)

MCL

Themechanisms of overactivationf ®I3KAKT signalg pathway in MCL, namely,
gainof PIK3CAor 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 PI3KKT gnaling pathway caused by loss of PTEN and con-
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sequent AKT hyperphosphorylation is involved in the pathogenesMQif andwas

mainly observed in the prognostically adverse blastoid variant. On the other hand, no
PIK3CAnutations were detected in their sgptes(Rudelius et al. 2006furthermore,

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 gxression of phosphorylated AKT (the active form of AKT)
and the expression of phosphorylated PTEN on Ser380 (the inactive form of (B&EN)

Col et al. 2008)Amanda Psyrri et al. reported that gainiK3CAene opy number is
another mechanism of AKT activation in MCL and that PTEN loss of expression was
detected in only 15% of cas€Bsyrri et al. 2009)According to lyengar et al., PI3K
LIMmnh  KFa | NPT Ssindeyts high ¢xprdsiiah @dtuRired theefficacy
2F Lmmnt &St Gyenpdr @Sl 2013KarofowkaleRaNR023 conducted a
whole-exome sequencing (WES) on samples taken, at diagnosis and afteel&ser,

from 25 patients with MCL. SingRIK3CAopy gain was a frequent finding after re-
lapse (Karolovéa et al. 2023)rhe use of different therapeutical agents target the
PISKAKT signaling cascade has beewestigated in MCI(ForeraTorres 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. 202The overactivation of PI3BKKT sigaling pathway
F23a20AF0A2Yy GAOK LI GASYyGaQ TFlLAtdz2NSE G2 NBa
treatment of (R/R) MCL, was also reportgthao et al. 2017; Guan et al. 2018; Chiron

et al. 2014)However, theexact impact oPIK3CAipregulation 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 ofoveractivation of PI3KAKT signaling pathwan resistance to chemo-
therapy andtargeted therapy such as BTK and BCL2 inhibitors in DLBCL was docu-
mented (Chen et al. 2020; Jain et al. 2020; Choudhary et al. 20h8)mechanisms
that lead to the overactivation of PI3KAKT signaling pathwag DLBClvary 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 mutationsRdK3CAand PIK3C@enesin DLBCL have also
been documentedXu, Berning, and Lenz 202h) one studyPIK3CAamplification and
PTENoss were investigated at the DNA level; in 205 sampts3CAamplification
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was present in 12.7% of cases dPOENosS in 12.2% of casé&ui et al. 2017)n an-

other study,PIK3CAamplificationwas found in 10 out of 60 cases, which represents
17% of casefCui et al. 2014)The clinicopathological significance RIK3CAamplifica-

tion and PTEN loss including prognosis remains controversial in DLECt al. 2014;

Cui, et al. 2017; Fridberg et al. 2007; Wang, et al. 2018 role of other molecules of
thePIBK Y¢ AAIYylIfAYy3d LI GKglLesr &ddzOK & tLovYi
plored.
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2.1

2.2

Hypotheses
MCL

PK3CAgain andPTENossare recurrentgenetic lesionsn MCL and cause hyperac-
tivation of the PI3KAKT signaling pathwalglemonstrated by hyperphosphorylation
and overactivation of ARTthat lead to complex changes of various aspects of MCL

biology includng changed sensitivity to antancer agents.

DLBCL

At Lo Yi k1 AZD/BESKIO domdEnhtionwith a dual mTOR inhibitokZD 2014
induces lethality irDLBCkellsin vivo.
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3.1

3.2

Aims and objectives
MCL

The aim of this study is telucidatethe exact role ofPIK3CAjenegain and PTEN
protein loss of function on biology, survival, metabolisnresistance/sensitivity to
treatment (PI3K, BTK, AKT inhibitors and BH3 mimetics) in a@lthe mechanisms

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

To dcetermine theprevalenceof PIK3CAopy numbergain andPTENdeletionin MCL
patients. Confirnfrefute the correlation of these aberrations with the hyperphosphor-

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

To confirnVrefute that PIK3CAgain andPTEN loss decreasependenceon BCR pro

survival signaling in MGInd consequentlghangesensitivity to BTK inhibitors.

To analyze the impact oPIK3CAgain andPTENosson metabolism,survival under

hypoxia sensitivity/resistance to glycolysis inhibitoes)d growth invivo.

To analyzethe effect of PIK3CAyain and PTEMsson sensitivity/resistancéo PI3k
AKTinhibitorsand BH3 mimetics

To find out if partial loss of PTEN correlates viagiperphosphorylation/ overactivation
of AKTdecreassdependenceon BCR praurvival signalinghas an impact on sensitiv-
ity/resistance toBTK BCL2 familyRISBKAKT andglycolysisnhibitors.

DLBCL

The aim of ths study igo confirm/refute DLBCHependence2 y t LoY. I Ay @A

The objective iso testthe efficacyof AZD 8186aPL oY | k1 AYKAOAG2ND
(a dual mTOR inhibitoin monotherapy or in combinatiom DLBClpatient-derived

xenograftbearing micen viva
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4.1

4.2

4.3

Material and methods
Cell lines

UPF1Hand UPF19U werestablishedin our laboratory from chemotherapy re-
sist yi a/[ LI GASYydQa Sdzl SYAT SR LISNA LK SNI ¢
JEKEL) were provided by the Deutche Sammlung of Microorganisms and Zellkulturen
(DSMZ) or the American Tissue Culture Collection (ATCC). Cell lines of MINO, Z138,
UPFH, JEKQ with PTENnockout (PTENKO) UPF19Uand MINO withPTEMNnock
down (PTENKD), and MINO, 7138, UPFI® UPF1H, JEKOwith transgenic overex-
pression ofPIK3CAPIK3CAJP) were created as mentioned below. Cells were cultured
Ay LaO2@SQa Y medium IMDR) rbidd Wit T5 Fe@abibovine serum
(FBS) and 1% penicillin/streptomycin. The incubator temperature was set at 37°C and
CO2 at 5%. Cells were salitured every 23 days.

Patients’ samples (Primary MCL cells)

Primary MCL cells were isolated fmo infiltrated bone marrow, infiltrated lymph
nodes, pleural effusion, malignant ascites and leukemized blod8Rafntreated or
relapsed/refractory (R/R) MCL patients. Consent was sought from all patients in
agreement with the (WMA) Declaration of Helsinkhe project was approved by the
institutional ethics committee of the General University Hospital in Prague under
number 60/20.

Cytotoxic agents

Specifict LoY A&2F2N)XY AYKAOAUZ2NAREI O2YLINARaAyY3
Ot LoY!s Kt  AWYKOA AdI2ZINOYEN K1%5AYKAOAG2NL S | %5y My
6t LoYh AYKAOGA (-R3MINRbita)2BHB yhitmdtiés camprisihglvghetoclax
(BCL2 inhibitor), S63854 (MCL1 inhibitor), A1155463-XBCinhibitor), and other
agents namely AZD 20Xdual mTOR inhibitor), capivasertib (pAKT inhibitor) and
ibrutinib (BTK inhibitor), were provided by MedChemExpred3e@xyD-Glucose (2
DG, inhibitor of glydgsis) was purchased from SIGMA
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4.4 Antibodies used in Western blot and co-immunoprecipitation:

PIK3CA#4249), PTEN (#5384), phosghbEN ser380 (#9551), total AKT (#9272),
phosphcAKT ser473 (#4060), FOXO3A (#12829), pheBEMO3A ser253 (#9466),
GSR- Ol MHpcCCBSK3 LIK2SNIK 201 dooc0X . La 61 Hopoo
(#12105), BAX (#2774), BKL (#2764), MCL1 (#39224), phos{ifD serl36 (#9295),
BCL2 #223, I YR | LCmh Ol mMmnmMT pO HSNBE FN®RIM / St f
(#6276), eMYC (#32072) -Tbulin (#7291), and B&XL (#32370) were from ABCAM.
BCL2 (#610539) was from Bargduction Laboratories. GAPDH (#G8795) was from
SIGMA. BAD polyclonal (#PBB403) was from Thermo Fisher Scientific. NOXA poly-

clonal (#2437) was from ProSci

4.5 Cytogenomic analysis

Ba®d on material availability, either interphase fluorescence in situ hybridization (I
FISH) or arragomparative genomic hybridization/singheicleotide polymorphism
(aCGH/SNP) were carried out to determine the copy number chang@dkK8CAPTEN
andTP53genes.

4.5.1 Interphase fluorescence in situ hybridization (I-FISH)

AsALISOATASR o0& GKS Y -Fl8fdnaysedavdtedn@uctddyist (i NJHzO
ing the commercially available DNA probes SPEC PIK3CA/CEN 3 DC (ZytoVision GmbH,
Bremerhaven, Genany), 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 afysis 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, monosojnies

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

QrePrint 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 QlAamp DNA Blood KiiniQiagen 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) wlatuse
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scan array slides that were analyzed using Agilent Cytogenomics v5.2.0.20 software

(Agilent Technologigs

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)

UsingCRISPR/Cas9 systeRTENKO was created precisely as previously described
(Havranek et al. 2017)n brief, a double strand DNA cut was integrated at FHREEN
translation initiation site and a repair template plasnf@ homologous repair (HR)
based insertion of GFETORA DNA sequence was provided. Accordingly, GFP (green
fluorescent protein) is expressed insteadRFENand functions as a marker for viable
PTENYh OSffa az2NIAy3d | (Randtak RIEIRas yskddpdna Sa ¢ |
erate double strand DNA break at tHeTENranslation initiation site PTENarget se-
quencesPTEN1 TTGACCTGTATCCATTTCTGCEBTGEMA TTGATGATGGCTGTCATG
TCTGG)vere cloned into a chimericplasmids pX33&J6-Chimeric_ BECBRhSpCas9n
(D10A), coding for Cas9 D10A as well as gRNA (Addgene plasmid ¢2@3@%t al.
2013) which were then ceelectroporated withthe previously describedHR repair
template plasmid(Havranek, et al. 2017GFP positivd? TENKO cells were bulkorted.

We confirmedthe completeloss of PTEN in UPF1H, 2138, and -1BOwestern blot.
In MINO and UPF19U the KO was heterozygotic showicrgased expression of PTEN
in these two cell linesepresentingMINO PTENKD and UPF19BTENKD To obtain
pure MINOPTENKO we carried out a single cell sorting on MIRTENKD cell line.
GFP was knocked out usingmparableCRISP/Cas9 system with sinGleP target se-
guence (GGGCGAGGAGCTGTTCACCE@e@)nto a pX330U6-Chimeric_ BECBh
hSpCas%Addgene plasmid # 42230, coding for Casfl forgRNA)Cong, et al. 2013)
for the subsequentmeasurement ofAKT activitydescribed latey. For further anal-
yses,GFP negativ€ TENKO PTENKD cells werepurified by sorting(Henderson et al.
2021)

4.6.2 B cell receptor knockout (BCR KO)
BCR KO cells weceeatedas previously mentioneqHavranek, et al. 2017gRNAs

targeting the constant region of immunoglobulin heavy (IgH) chain of cell line specific
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4.7

4.8

BCR isotyps&vere used The previously describepox330 plasmidchavingthe following

IgH M target seagence for all tested cell lines: AGATGAGCTTGGACTTGCGE&5GG
used Beginning three days after electroporatiotie growth, and the change oBCR
KO celproportion inthe cell culture was measured using flow cytomefayti-human

IgM FITC antibody, Thermshker Scientific #H15004as used for BCR stainjng

Generation of cell lines with PIK3CA overexpression/AKT activity reporter

expression

For stable overexpression #fIK3CAand expression of AKT activity reporter (see
later) in selected cell lingg1avranek, et al. 2017; Prukova et al. 20E%eping beauty
transposon system was used comparably as befii@varz, Loscher, and Marschalek
2015) In short,pSBbi Pur (Addgenegsmid #60523Kowarz, Loscher, and Marschalek
2015)donor plasmidwas used toclone WT PIK3CADNA To clone the AKT activity
reporter either pSBbiPur (Addgene plasmid #6052Rpwarz, Loscher, and Marschalek
2015)or pSBbiNeo (Addgene plasmid #60528pwarz, Loscher, and Marschalek 2015)
donor plasmidsvere used These donor plasmids (6 pug) wereatectroporated with 4
pg of transpoase coding plasmid pCMV(CAFEHEL00 (Addgene plasmid
#34879fMates et al. 2009)The cells were then cultured for three days without antibi-
otics dter which selectionwas started usingppropriate antibioticawith the following
concentrations:geneticin at final concentration of 200 pg/mL, apdromycin at final

concentration of 2 pg/mL

Cell lines transfection

Electroporation was performed to introduce all the plasmids, according to the man-
dzF I O G dzNB NI &n, THerdFiaher2Stientdidyd® the 100 pl electroporation
system1.2 million cells per sample were usddrst lls were washeanly once by
PBShen resuspended in 120 pl of electroporation R buffer together with plasmid DNA
with the following concentations(12 pg for single KO plasmid for GFP and BCR KO; 5 +
5 + 5 ug for three plasmids necessary RIFEENKO GFP KIl; and 6 + 4 ug for sleeping
beauty donor and transposase plasmids, respectively, for stable overexpression) to
conduct theelectroporation.In 3 ml of appropriate cell culture media, not containing
antibiotics, cells were resuspendéor subsequent selection and analysigpropriate
electroporation conditionswere setfor eachcell lineand were as follows (voltage,

pulse length, number ofyses):UPF1H 1500V, 10ms, 3 pulses; UPF19U 1500V, 10ms,
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4.9

4.9.1

4.9.2

4.9.3

3 pulsesjJekal 1500V, 20ms, 1 pulsgl138 1600V, 20ms, 1 pulddino 1300V, 30ms,

1 pulse

Measurement of AKT activity in live cells

Forster resonance energy transfer (FRET) measurement

As develped and used before, a genetically encoded FRET biosensor wasoused
measure AKT activity in live celldavranek, et al. 2017; Henderson, et al. 20Zhe
AKT activity reporter (LyAkt AR2EV, Addgene plasmid 23199)is structured as fol-
lows. cell membrane targeting sequence (from LynmpCerulean3- FHAL1 phospho
amino acid binding domaiq EV flexible linkeg part of FOXO domain (naturally phos-
phorylated by AKT)cpVenus[E172When FOXO domain is phosphotgthby AKTit
bindsto FHA1 domairand this leads to a changa the reporter confirmation, and
subsequentlyincrease in FRET. Aseviously published flow cytometry for FRET
measurement in living cellsas used together witin house R package (fRet)dalcu-
late the absolute FRET efficiency (E) vathasreflectthe AKT activitfHavranek, et al.
2017; Henderson, et al. 2021FRET measurement and calculations weagied out
according tathe fRet package manuasing cellshat express suitablealibration 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

experimentjHenderson, et al. 2021)

Comparison of AKT activity between PTEN KO/PTEN KD/PIK3CA UP and
parental cell lines

To comparecell lines withPTENKQ PTENKD or PIK3CAJPto their parental ell
lines 500 000cellsper samplewere resuspendd in fresh mediandincubated forone
hour. The incubator temperature w&7°C witha CO2 concentration & Right away
after removal from the incubato-RETWwasmeasured for each sample using flow cy-

tometry (Cytoflex, Beckma Coulter).

Measurement of AKT activity after Ibrutininb

Tocarry 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 lbrutinib concentration was of M and 1uM. 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 cytom@yy

toflex, Beckma Coulter).

4.10 Measurement of cell proliferation

Water-soluble-tetrazoliumsalt (WS3) 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 (WIK3CAJP,PTENKQ PTENKD,

50 000 cds of 2138 (WTRIK3CAJP), 60 000 cells of UPF1H (\WTIK3CAJP,PTENKO)

and 100 000 cells of UPF19U (WIK3CAJP, PTENKD were resuspended in 0.3ml of

fresh medium and pipetted into 9@ell plate. Treatments were added on the same

day with the followng concentrations, PI3K and AKT inhibitors were added at concen-
GNF GA2ya M FYR mMn >a 602LI yftAadA0 G nonawm
O2y OSYUNY GA2ya swdlplate waR plased ina egulrikinSubatoe, with

CO2 concentratiomf 5% and temperature of 37°C, for 72 hours, after which \8/ST
reagent from Quick Cell Proliferation Assay Kit (BioVision) was added for a further 3
hour incubation under the same conditions as previously mentioned. Endiyried-
immunosorbent assay (EBSreader was used to measure the absorbance of samples.

The proliferation curve was calculated as previously repofkddnova et al. 2014)

4.11 Measurement of apoptosis

Usingthe standard annexiV / propidium iodig (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-
icsO Sy Si20fEX {coypnX ! mvagng 2DEG dan intibiior of ®n m X
glycolysis) at 2.5, 5.0 and 7.5 mM. Thev@dl 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 Il). The
percentage of necrotic and apoptotic cells was calculated as previously reported
(Prukova, et al. 2019)

45



4.12 Western blotting

4.13

Biologicalduplicates were prepared from eachlckne. Samples were lysed Ripa
lysis buffe (150mM NacCl, 0.1% SDS, 1mM EDTA, 0.5% Sodium Deoxycholate, 1% Triton
X100, pH 7.4). A protease (Sigma) and a phosphatase inhibitor (Roche) were added.
The ratiowas1:3, where one represents the sample volume and three the volume of
Ripalysis buffer cantaining 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 Proteirs&s (Thermo Fisher Scientific). To prepare samples

T2NJ 3Stf St SOGNRLIK2NBaAazr mMn>3 2F Sl OK LI G

ple were mixed with laemelli sample buffer (BRad) containing mercaptoethanol with
a ratio of 91 andboiled for 5 ninutes at 95°C. Samples were then separated using
different SDSPAGE gel concentrations: 10%, 12% and 15% to be able to detect all pro-

GSAya 2F AYGSNBaldod ¢KS f2FRAy3 @2f dzYS 41

run for approximately 2.5 hours at 12Qo obtain better separation of bands. To allow

™

a

O2YLJX SGS GNIYAFSNI 2F LINRPGISAya FTNRY G(GKS 3§

blotting was run for 50 minutes at 100V. Afterwardachmembrane was rinsed three
times in 1xPBS containing 0.1% Tw&nand then incubated for 1 hour in 1XPBS con-
taining 0.1% Tweef0 and 10% noffiat 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% Tw&enand 26 nonfat dried milk Next, each
membrane was incubated Wi a primary antibody overnightThe following day, the
membrane was removed from the primary antibody solution, washed three times in
1xPBS containing 0.1% Twe2®, and was incubated with the seuwary antibody (an-
ti-mouse or antrabbit), 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 s(BieRAD.

Co-immunoprecipitation (Co-IP) assay

Onday 1,the beads were prepared. For each sample 30ul of 50% beads slurry (pro-
tein A/G agarose from Sigm#sdrich) was washed three times in 300ul-cxdd PBS,
then PBS was removed, and beads were mixed againamitther 500ul of PBS to-
gether with 10% BSA, and incubated on a rotator for 1 hour at 4°C. Afterwards, 1ug of

BCL2 (#783) and 1ug of an isotype control rabbit polyclonal IgG (Calbiochem) antibod-
46



4.14

ies were added separately to each sample beads for the fishraunoprecipitation

and 1ug of BCGKL (#32370) and 1ug of ,the previously used, isotype control rabbit pol-
yclonal 1gG antibodies were added separately to each sample beads for the second
coimmunoprecipitation. Next, sample beads were incubated withah#bodies on a
rotator overnight at 4°C. On day 2, the beads were centrifugieel supernatantwas
removed, and then washed twice in 1ml of ndanaturing lysis buffer (composition

see later). Meanwhile the lysates of samples were being prepared as $ollwice

cold nondenaturing lysis buffer [1% (w/v) Tritor200], 50mmol/l TrigHCI (pH 7.4),
300mmol/l NaCl, 5mmol/l EDTA, 0.02% (w/v) sodium aidkenova et al. 2016hixed

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 x g and temperature 4°C for 15 minutes. Afeeclearingthe
samples with the samé S | Sluirfused abow to remove endogenous IgG, the pro-
tein concentration was determined using Pierce BCA Protein Assay (Thermo Fisher
Scientific). To conduct the immunoprecipitation, we added @§ concentrated
cleared lysate and 10ul of 10% BSA to both specific i.e.Bat?2 or antBCEXL 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 x g and
temperature of 4°C for few seconds. The supernatant was discaiidedimmunopre-
cipitates were washed three times in a wash buffer and once in PBS to be ready for
SDSPAGE electrophoresis. The samples were mixed with laemelli sample buffer (Bio
Rad) containing mercaptoethanol with a ratio of 9:1, then boiled for 5 mmate95°C,

and pipetted (in biological duplicates) into 15% gel. After Blotting and blocking mem-
branes for 1 hour in 1XxPBS containing 0.1% Twafeand 10% nosat dried milk,pri-

mary antiBIM, antiBAD, antBID, antBAK,and anti-BAX antibodies weresed to
target the immunoprecipitated BCKLand 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 sectivestern blotting.

In vitro assays under hypoxia

Onthe 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 aittO2concentrationof
20% representing normoxic conditions, and one plate was placed in a special hypoxic
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4.15

4.15.1

4.15.2

4.16

box withan O2 concentration of 1% mimicking hypoxic conditions. After 72 hours of
incubation, the samples were taken from both plates, washed PBS and prepared
to undergoapoptosis assay, which was carried out in a similar way as mentioged

fore.

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

assays

OCR and ECAR measurememese implemented using &eahorse XFe96 analyzer
(Agilent Techalogieg. On dayl, 50 000cellsresuspended in Seahorse base RPMI me-
dium were seededper wellon XFe96 cell culture microplatesvewed with CeltTak
(Corning and incubatedor 1hourat 37C, withoutCa@ ¢ KS o6 &S Y SRA dzYy
was mixed with 500mM pyruvate, 2mM Hglutamine, 10mM glucose for OCR meas-

urement, and with 2mM {glutamine for ECAR measurement.

OCR

The mito stress test wasonductedby a seriesof injections,first with m M>of oli-
gomycin(ATP synthase inhibitodhen withH > aCCe&Pr (Mitochondrial uncoupler),
T2ttt 26SR 0& nodp >a ofzaftimycin adrdiedoteN{Bhibids ¥iLJ2 4 S R
RCIIl and RCHhAfter each injectionOCRmeasurement was takerrollowingthe assy,
cells were stained with Hoechst and counted using Cytation5 instrument. OCR values

were normalized to the same cell number.

ECAR

The glycolytic stress test wasirried outby a seriesof injections,beginningwith
10mM ofglucose(substrate of glycobis),succeededy 1 > aoligomycin (inhildor of
ATP synthase), ans0 mM 2-deoxyD-glucose (Glycolysis inhibitorfter each injec-
tion ECAR asmeasural. At the end of theassay, cells were stainethd counted in

similar way as for OCECAR values were normalized to themeaell number.

In vivo experiments

Tocarry out in vivo experiment§¢8-week-old female nonobese diabetic (NOD-Cg
Prkdc) severely combined immunodeficient 112rgtm1Wijl/SzJ (NSG; Jackson Laboratory,
Bar Harbor, ME, USA) mice were used. To perform allar@rperiments, 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 MSBTD57/20203.

4.16.1 MCL
5x1C cells of MINO, MIN®IK3CAJP, MINOPTENKO, UPF1H, UPFBK3CAJP
and UPF1HPTENKO were injected subcutaneously. Each cell line was injected-6
YAOS® ! FGUSN) GKS YAOS RS@OSt2LISR LI tLIoOES
dimensions evey otherday.¢ 2 O f Odzf S GKS {Gdzy2N) @2f dzY S
(length x width x height) was used

4.16.2 DLBCL

Fouranimal malels were established. Tweell line derived xenografts (CDX): ABC
(OCiLy10) DLBCL an@CB (K422) DLBCL, and 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 RGCB DLBCL patient. As soon as the mice
developed palpable subcutaneous tumors, they were randomly divided into the fol-
lowing goups: 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 mixedth 0.5% HPMC / 0.1% Tween 80. For
each mousethree perpendicular dimensiomaeasurements of tumor were taken eve-
NE RI& dzaAy3a | OFftALSNY ¢2 OFfOdAZ S (KS
width x height) was used. To determine the toxicity of these treatments, the mice

were weighed every dafXu et al. 2023)

4.17 Statistical analysis

Evaluatios of flow cytometry results were realized using Fldw software. The
densitometric analysis was performed using Image BieRad6.1 software For
guantification tdal adjusted band volume values were usddhe numbers of technical
2N 0A2f23A0FEf NBLIX AOIFIGSAa I NBE YSYUA2z2ySR Ay
canceof experimentsg & | 34 Sa4SR dzaAy 3 SdstioKdsdmaryzy LI A N
one-way ANOVA & (GraphPad Pristt0). Rvalue < 0.05 represents statisticagnifi-

cance.
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The methodghat | personallycarried outare:

M maintenance of cells in culture

1 Western blotting

1 Goimmunoprecipitation

1 Apoptotic assay

1 Proliferation assay

1 Invitro assay under fpoxia

1 In vivo experiments

1 Satistical analysis of thepersonallycarried-out experiments

Signature of supervisqrProf. 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 ofPIK3CAcopy number variants, an®TENdeletionswas deter-
mined byfluorescencen situ hybridization (FISH) and array comparative genomic hy-
bridization (aCGH) analysearried outon 61 newly diagnosed / [ LJ- sein@eg.( 4 Q
Approximately 43%f patientshad singlecopy gainof PIK3CAene,andseven percent
of them had monoallelic deletion dPTENOne casecarried both aberrations The cor-
relation betweenTP53deletion andPIK3CAjain was statisticallestimatedshowing no
obviousassociatiorbetweentheir occurrencesDue tothe small number otases with
PTENdeletion, the correlation betweerPTENdeletion andTP53deletion could not be
determined however, all casewith PTENdJeletion had simultaneasly TP53deletion
(Tableb).
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Patient FISH or PIK3CA PTEN TP532
aCGH
1 aCGH Gain N DEL
2 aCGH N N DEL
3 aCGH N DEL DEL
a aCGH N N DEL
5 aCGH Gain N N
6 aCGH N N DEL
7 aCGH N N N
8 aCGH N N DEL
o aCGH N N N
10 aCGH Gain N DEL
11 aCGH Gain N DEL
12 aCGH N N DEL
13 aCGH N N DEL
14 aCGH N N N
15 aCGH Gain N DEL
16 aCGH Gain DEL N/A
17 aCGH N N N
18 aCGH N N DEL
19 aCGH Gain N DEL
20 aCGH N N N
21 aCGH Gain N N
22 aCGH Gain N DEL
23 aCGH Gain N N
24 aCGH Gain N N
25 aCGH N N N
26 aCGH Gain N N
27 aCGH Gain N DEL
28 aCGH N N N
20 aCGH N N N
20 aCGH Gain N N
31 aCGH Gain N N
a2 aCGH Gain N N
33 aCGH Gain N N
34 aCGH N N N
35 aCGH Gain N DEL
36 FISH Gain N N
37 FISH N N DEL
38 FISH N N N
39 FISH N N N
a0 FISH Gain N N
a1 FISH N N N
a2 FISH N N N
a3 FISH Gain N N
a4 FISH N N N
as FISH N N N
a6 FISH N DEL DEL
a7 FISH Gain N N
a8 FISH Gain N DEL
49 FISH N N N
S0 FISH Gain N N
51 FISH N N N
52 FISH Gain N DEL
53 FISH Gain Gain N
54 FISH N N N
55 FISH N N N
56 FISH N DEL DEL
57 FISH N N DEL
58 FISH N N N
59 FISH N N N
60 FISH N N N
61 FISH N N DEL
Table 5

FISH and aCGEb cases out of 61 have PIK3CA gain, 4 cases have monoallelic deletion
of PTENand 23cases 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 overexpressioRIKBCAN
MINO, Z138, UPF1H, UPF19U and JERMB3CAJP cell lines, and the loss of PTEN
expression in MINO, Z138, UPF and JEK®O PTENKO cell lines (Figurg2 A, B).
UPF19WPTENKNnockdown PTENKD)and MINOPTENKDmanifested a decreased ex-
pression of PTEN (Figut2 Q.
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Figure 12

Western blot. (A, B) PIK3CA overexpression in MINO PIK3CA UP, Z138 PIK3CA UP,
UPF1HPIK3CA UP, UPF19U PIK3CA UP andlJEKGCA UP, and PTEN loss in MINO
PTEN KO, Z138 PTEN KO, UPF1H PTEN KO ahdPJEKIKO. In (A), each sample is
represented by a biological duplicate. (C) PTEN down regulation in UPF19U PTEN KD
and MINO PTEN KBorMINO vs MINO PTEN KBch sample is represented by a bio-

logical duplicate
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5.3 PTEN complete loss but not PIK3CA overexpression is accompanied by hyper-
phosphorylation of AKT

All PTENKO cell lines, excluding JEKChad hyperphosphorylation of AKT, an es-
sential kinase downstream of PI3K. On the other haPik3CAverexpression was not
associated with increased expression of phosphorylated AKT (HigueB). UPF19U
PTENKDand MINOPTENKDRA RY Qi SEKAOA G KeéLISNLIK?2 & LIK2 NE f
with the paental cell lines (Figurel3 Q.
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Figure 13

Westernblot. (A, B) Hyperphosphorylation of AKT is observed in all PTEN KO cell lines
except JEKQ. In (A), each sample is represented by a biological duplicate. (C) UPF19U
PTEN K@&and MINO PTEN Kdd not show hyperphosphorylation of AKFor MINO vs

MINO PTEN Ké&ach sample is represented by a biological duplicate
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5.4 PTEN loss but not PIK3CA overexpression shows overactivation of AKT

All PTENKOand all PTENKDcell lines had a significantlyincreased AKT awity by
FRET assay (Figufigl A whereas transgenic overexpressionRIK3CAvas associated

with variableparadoxicahon conclusivehanges in AKT activity (Figuiré B
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Figure 14

FRETssay. (A) Increased AKT activity in all PTENPKEN KRell lines. (B) Variable
AKT activity among PIK3CA UP cell lines. Each sample is represented by technical tripli-
OFLiSad ayaéeés ay20 AAAYATFAOIYGET FfF LF ndnm:

5.5 Lower PTEN expression is associated with hyperphosphorylation of AKT in
primary MCL samples

Tofigure out the level of PTEN expression and its association with AKT phosphoryla-
tion in primary MCL cells, western blot was carried out investiga@hgamples taken
from patients with newly diagnosed or relapsed MELK NS S & YLPr&s RARY
PTEN (S13, 30, and 31) (Figure.15). S13 and S30 had no genetic deletion of PTEN by

FISH indicating the presence of other mechanisms tdeasticallylowered PTEN pro-
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5.6

tein expressionOn the othetand,samples S29 and S31 whitlanifested any kind of
PTENyenetic copy number loss had low or no PTEN expressioalstebserved that

10 out of 32 samples, which represen&l% &3, 6, 15, 16, 19, 2@®4, 30, 31, and 32

had decreasedr noPTEN 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 (FiguE.

PTEN - _—aee » - ——— - - —e—" -
PPTEN(ser380) - -——-- - . e = - - - -
AKT | e ——- - — P P yp— — - - e
PAKT (serd73) | - & e -~ oe 0= - - -
BrACHN | i e — [ - - -
1234567891011 2138 12 13 14 15 16 17 18 19 20 21 22 7138 23242526 2728 7138
PTEN - = - e AKT

BACN | — - e e | BeActin

29 30 31 32 7138 29 30 31 32 7138

PPTEN (ser330) | 4 @ .‘- PAKT (sera73)
Bt | — —— | P-Actin
29 30 31 32 7138 29 30 31 32 7138
Figure 15

Westernblot. Samplesiumber13, 30, and 31 had undetectable PTEN expresS§im-
ples numbeR, 6, 15, 16, 19, 2@4, 30, 31, and 32lemonstrate a lower expression of
PTEN and hyperphosphorylation of AKT. Sample Z138 represents positive control

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 advated AKT. The level of phosphorylated FOXO3A remained un-
changed regardless of AKT phosphorylation status (Fib@)re
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5.7
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Figure 16

Western blot. Comparing PTEN KO cell lines to their parental counterparts, no differ-
ences are detected in FOXO3A phosphtioyl status. Each sample is repeased by a

biological duplicate

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

survival signaling from BCR

Since PIK3/AKT signaling possibly largely activated from BCR lymphomas
(Havranek et al. 2014; Xu, Berning, and Lenz 2@24 possibility, that loss of PTEN or
overactivation ofPIK3CAcould decrease dependence of MCL cells on the upstream
BCR mediated PI3XKT activation, was investigatetb accomplish this, cell lines with
an extra knockout of BCR from thr€dENKO cell lines (MINO, UPF1H and JEKO
PTEMBCR KO cell lineg)ne PTENKD (MINGPTENKD/BCR KQand threePIK3CAJP
cell lines (MINO, UPF1H and JBK®IK3CAJP/BCR KO cdlhes) were derivedCom-
plete but not partial bss of PTEN decreased dependence on thespraival signaling

from BCR in all tested cell lines (Figlii.
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PTENKO but not PTEKIDincreasesurvival of BCR KO MCL cells. Each sample is repre-
sented by biological triplicates. Data are represented as means + SD.

Interestingly, two out of three teste@IK3CAJP/BCR KO cell lines (MINO and JEKO
1, but not UPF1H) demonstrated decreased dependence osynaval signaling from

BCR, however to a lemsextent thanPTEKRBCR KO cell lines (Figur®.

i )
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Figure 18

PIK3CA gain in MINO and JEK®ut not in UPF1H, increases survival of BCR KO MCL
cells. Each sample is represented by biological triplicatesa Bxat representg as

means = SD
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5.8

Concerninghe other MCL cell lines used in this study, Z138 cells are BCR independ-
ent and UPF19U cells do not express BadrRi(e19).

7138

-+ CIRL
-« PIK3CA UP

Proportion of BCR KO cells
(%, normalized to day 3)
$

Days after electroporation

Figure 19

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

Daa are represented as means +.SD

PTEN loss but not PIK3CA overexpression overcomes Ibrutinib mediated decrease

of AKT activity in MCL cells

SincePTENKO cell lines exhibited hyperphosphorylation of AKT, and demonstrated
decreased dependence on BCR -puovival 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 inhibit(@arg et al. 2022)brutinib is a BTK inhibitor
that was proved to acutely inhibit AKKapoor et al. 2019)rhus,we measured KT
activity following ibrutinib treatment irPTENKQ PTENKD, andPIK3CAJP cell lines
using the genetically encoded FREEEed AKT activity biosensor. Even though there
was a significant decrease in AKT actigfter ibrutinibin both PTENKO cell linesnd
parental cellines, AKT activity remained higher FTENKO cell lines compared to pa-
rental cell lines (Figur20 A, B).The same was observed tisHNOPTENKD cell lineat
ibrutinib concentration of 0.1 pMFigure.20C).This suggests that loss of EN is likely

to cause ibrutinib resistance.
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FRETssay.(A, B)AKT activity after ibrutinib (3 hours exposure) is higher in KKIEN

cell lines in comparison with the parental cell lines, represented by CTRL. (A) MINO and

UPF1H: measurementarded out the same day (B) JEK(Z138 and UPF19U: meas-
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Thesame experiment was carried out fBIK3CAJP cell lines. AKT activity was un-
changed or paradoxically lower following ibnib treatment in PIK3CAJP cell lines

compared to parental cell lines (FigLz#).
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Figure 21

FRETassay. AKT activity after ibrutinib (3 hours exposure) is lower in PIK3CA UP cell
lines (MINO and UPF1H) than in the parental cell lines, representedRby AKT activi-
ty after ibrutinib remains unchanged in JEKTEach sample is represented by biologi-

caltriplicatesd Yy 4 ¢ = Gy 20 AAIYATFAOIYUET FF LFnodonmz

PTEN loss but not PIK3CA overexpression causes resistance to ibrutinib in MCL

cells

As expectedthe proliferation assays confirmed thresistance oPTENKOcell lines
to ibrutinib while PIK3CA | A y cRakhdesésitivity to ibrutinib(Figure22 A). Inter-
estingly, MINOPTENKD were alsanore resistant to ibrutinibocompared toparental

cell line(Figure.22B).
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Proliferationassay.(A) PTEN KO cell lines (MINO and UPF1H) are more resistant to ib-
rutinib. (B) MINO PTEN KD are more resistant to ibrutbgzh sample is represented

by biological triplicates. Data alB LINS & Sy (il SR I*$<0.955%F pg@01,5 { 5¢ T
*xk 00,0001,

5.10 PTEN loss and PIK3CA overexpression lead to metabolic reprogramming

5.10.1 PTEN loss and PIK3CA overexpression shift metabolism towards glycolysis
SincePI3KAKT signaling pathway plays an essemti in regulating cell metabo-
lism, we analyzed the effect of PTEN loss BRiKI3CAgain on metabolic reprogram-
ming in MCL cells using Seahorse analysis. Both PTEN |lodB&Ka&Q&overexpression
decreased basal and maximal respiration in UPF1H cells (R8&)e However, in the
latter, both aberrations differently affected glycolysis. While PTEN loss significantly
increased basal glycolysis with an important decrease in glycolytic redeiK8CA
overexpression did not influence the basal glycolysis buteksed glycolytic capacity
and glycolytic reserve (Figug3 B). In MINO cell line, PTEN loss neither affected respi-
ration nor glycolysis. On the other handlK3CAverexpression, to a much lesser ex-
tent, decreased the maximal respiration and glycolyarameters in MINO cell line
(Figure23 C, D). These results suggest tRARENKO andPIK3CAJP 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 cdlldtacare represent-
edasmeans+SBY a¢é¢ 3 ay20 AAAYATFTAOIYOGET FFp LFndnm
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5.10.2 PTEN loss and PIK3CA overexpression are associated with changes in metabolic
regulatory genes

To investigate which molecular mechanisare behindthe metabolic reprogram-
ming INPIK3CAJP andPTENKO MCL celines,we conducted a western blot tdeter-
mine the expressn and phosphorylation status of the key metabakgulatory genes
c-MYC and GSK3respectively. There was an increase ef¥CG1/2 expression in
UPF1HPTENKQ ¢MYG2 in MINO PIK3CAUPR, and increased phosphorylation of
GSKB Ay PaENOOGFigure.24)
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Figure 24

Westernblot. UPF1H PTEN KO shows a higher expression of Bt (upper
band) and eMYG2 (lower band), compared to parental cell line. MINO PIK3CA UP
manifests a higher expression 6M¥ G2 only, compared to parental cell line. MINO
t¢9b Yh SEKAOAGA AYyONBIaSR SELINBaargy

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 MINREIK3CAJP, MINOPTENKQ UPF1HPIKEA
UPF1HPTENKQ and MINCPTENKDto glycolysis inhiiion, an apoptotic test was car-
ried out after treating thesesell lines and their corresponding parental cell lines with
2-DG for 72 hoursinder normoxia Therewas an increased resistance teD2oxyD-
glucose (DG) in all testedPIK3CAJPand PTENKOceéll lines (Figure.25A). There was
no increase resistance to DG in MINGPTENKD (Figure.2B).
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5.11
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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 resistantB2compared to parentaett lines.(B)MINO

PTEN KD manifested no changes in sensitivity@& 2Zompared 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.

Both PTEN loss and upregulation of PIK3CA increase survival of MCL cells under
hypoxia

Increasedglycolytic activityF 2 & G SNBE O cAfAStNB dmiwundesHydodicQ
conditions (Zhou et al. 2022)Thus,we carried out a hypoxic test during whiatell

lineswere exposedo 1% oxygertoncentrationfor 3 days. Both PTENKO andPIK3CA
UPUPF1Rells were moreesistant to 1% hypoxi@rigure.26)
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Apoptotic assayUPF1H PTEN KO and to a lesser extent UPF1H PIK3CA UP cell lines
survive longer under 1%ypoxia;MINO cell line is resistant to hypoxia. Each sample is
representel by biological triplicates. Data are represented as means + SD. * p<0.05, **

p<0.01.

UPF1HPTENKOand PIK3CAJP cellsmanifested higher expressiaof HIFth com-
pared tothe unmodified UPF1Hdell line No change in the expression of HiFivas
observed m MINOPTENKOand PIK3CAJP cell linegFigure27 A, B, which explains

the hypoxic test results.
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Figure 27

Westernblot. (A) | A 3KSNJ SELINBa&aAz2y 2F | LCmh Ay !tCwm
cell line.(B) Increased expressi@nt | L Cm" PIR3SZAIR contPardd to parental

cell line Each sample is repressted by a biologicaluplicate.
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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/AKBignaling pathway is known for its signifit@mtiapoptotic role and its in-
volvement inMDRin 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 inhibitas iINPTENKQ PTENKD,and PIK3CAJPMCLcell lines. For this screening,
we used fouPIK3CAJP cell lines (MINO, UPF1H, UPF19U and A9&8PTENKO cell
lines (MINO and UPF1,HInd onePTENKD (MINO) cell line

Both PTENKO cell linesMINOPTENKD,and two out of fourPIK3CAJP cell lines
(MINO and UPF1H) were more resistant to the BCL2 inhibitor venetoclax (VEN) (Figure

28. A, B.
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Figure 28

Apoptoticassay (A) Both PTEN KO cell lines and two PIK3CA UP cell lines, MINO and
UPF1H, are more resistato venetoclax(B) MINO PTEN KD is more resistantgo
netoclaxcompared to parental cell lin€ach 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 sensitivityof both tested PTENKO cell lines to the B&L inhibitor A1155463
was increasedvhile the ®nsitivity of MINOPTENKD to A1155463remained un-
changed(Figure29 A, B) Only one out of foulPIK3CAJP cell lines (MINO) was more
resistant to A1155463 (Figug9 A).
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Figure 29

Apoptoticassay (A) PTEN KO cell lines are more sensitive to A1155463. MINO PIK3CA
UP cell line is more resistant to A11554@3). No significant changes in sensitivity of
MINO PTEN KD #Adl155463ompared to parental cell lin€achsample is represented

by biological triplicates. Data are represented as means = SD. * p<0.05, . &lp<®
p<0.001, **** p<0.0001

Twoout of four testedPIK3CAJP cell lines (MINO and UPF1H) were more resistant
to S63845a MCL1 inhibitor Only UPF1IRTENKO was more resistant to S63845 (Fig-
ure.30 A). Interestingly MINO PTENKD cell line was more resistant 83845com-

pared to respective parental cell line (FigureB0
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Figure 30

Apoptotic test (A) Two PIK3CA UP cell lines, MINO and UPFRtH)BF1HPTEN KO cell
line are more resistant to S63848) MINO PTEN KD is more resistant to S638&eh
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 condiwcted a western blot analysis of key BCL2 family proteins to unravel
the molecular mechanisms behind these observations. UAFIENKO cell line had
markedly decreased expression of the proapoptotic protein BIM (MINO cells have bial-
lelic deletion of BIM). @&prisingly, UPF1IRTENKO had a decreased expression of the
antiapoptotic proteins (MCLIBBCL2 BCEXL) and a higher expression of the proapop-
totic BAK. MINOPTENKO cell line expressed more phosphorylated BAD and less
proapoptotic protein BAK. MIN®IK3@ UP cell line also showed a decreased expres-
sion of BAK (Figuigl).
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MCL1
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Western blotUPF1H PTEN KO cell line has decreased expression MG&IMBCL2

BCEXL and increased expression of BAK. MINO and Z138%xell S &

R2y Qi S E LI

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

Thewestern blot results codl not explain the increased sensitivity of bdTENKO

cell lines, UPF1H and MINO, to A1155463. Therefore, we decided to immunoprecipi-

tate BCEXLand BCL20o determine their binding affinities to the proapoptotic BAK,
BAX, BAD, BID and BIMAMENKO cellines and in the corresponding unmodified pa-
rental cell linesWe observed decreased binding affiniof BIM to BCIXLand BCL#
UPF1HPTENKO cell linend decreased interaction of BAX with BCLIIINOPTENKO

cell line(Figure32 A

, B.
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Figure 32

Goimmunoprecipitation(A) Decreased interaction of B&L with BIM in UPF1H PTEN
KO cell line compared to parental cell li(8)Decreased interaction between BGind
BAX in MINO PTEN KO cell éind between BCL2 and BIMURF1H PTEN KO cell line
Eachsample is represented by a biological duplicat¢ Y R2Say Qi o6AYR
previously reporteqDolnikova et al. 2024hd thus its interaction with BCL2 in MINO
cellliness I ay Qi  WBNOzhazMBidtl@ 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 specificAKpatway
inhibitors including PI3K isoform inhibitors (idelalisib, duvelisib, AZD8186, AZD8835,
alpelisib and copanlisib) and an AKT inhibitor (capivasertib) to investigate the conse-
guences of PTEphartial/completeloss andPIK3CAyain on the sensitivity/resiance of

MCL to these drugs. For this screening we used RIK3CAUP cell lines (MINO,
UPF1H, UPF19U and Z138) PTENKO cell lines (MINO and UPF1&)d onePTEN

KD cell line (MINGTENKD) The results were as follows

5.13.1 Idelalisib (PI3Ko inhibitor)
UPF1HPTENKOwasmore resistant tadelalisib compared tparental cell lingFig-
ure.33 A). There waso significantchange inMINO PTENKD or PIK3CAJP cell lines

responseo idelalisibcompared to parental cell lirsgFigure.3 A, B).
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Figure 33

Prolferation assay(A, B)ldelalisib (A)Increased resistance of UPF1H PTEMNMIOO
change in sensitivity of PIK3CA UP cell li(@sNo significant changes in sensitivity of
MINO PTEN KD to idelalisib compared to parental celldinfggical triplicaes; data

are represented as means * SD; * p<0.05, *** p<0.001

Duvelisib (PI3KYy/d inhibitor)

UPF1HPTENKOwasmore resistant to duvelisib compared to parental cell kvigle
there was no change in the sensitivity of the four testi)K3CAJP cell linegFigure
34 A). There was a slight butnsignificantincrease irresistance of MIN®PTENKD to
duvelisib (Figure.3B).
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Proliferationassay (A, B)Duvelisib (A)Increased resistance of UPF1H PTEMNriK@o
change in sensitivity of PIK3CA @R lmes (B) No significant changes in sensitivity of
MINO PTEN KD to duvelisib compared to parental celldinigical triplicates; data

are represented as means = SD; ** p<0.01, *** p<0.001
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5.13.3

5.13.4

AZD8186 (PI3Kp/6 inhibitor)

UPF1HPTENKO and MINGPTENKOwere more resistant to AZD818&hile there
was no change in the sensitivity of the four testetk3CAJP cell linegFigure.3 A).
There was a slight but not significant increase in resistance of MMNB KD to

AZD8186 (Figure.35B).
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Figure 35

Proliferationassay (A, B)AZD8186 (A) Increased resistance of UPF1H PTEN KO and
MINO PTEN K@ AZD 818@Gnd no change in sensitivity of PIK3CA UP cell {Bgs
Slight increased resistance of MINO PTEN KAY b 8186 biological triplicates; data

are represented as means = SD; ** p<0.01, *** p<0.001

AZD8835 (PI3K /0 inhibitor)

UPF1HPTENKOwasmore resistant to AZD8835 compared to parental cell line (Fig-
ure. 36 A). There was no significant change in MIIROENKD nor in PIK3CAJP cell
linesresponse to AZD8835 compared to parental cell line (Figure,.B%
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Proliferationassay (A, B)AZD8835 (A) Increased resistance of UPF1H PTENAKO
AZD883%nd no change in sensitivity of PIK3CA UP cell [[B#so significant changes
in sensitivity of MINO PTEN KD to AZD8835 compared to parental esddidingical

triplicates; data are represented as means = SD; ** p<0.01

5.13.5 Alpelisib (PI3Ka inhibitor)
UPF1HPTENKO was more resistant to alpelisib, however, MINBTENKO and
MINO PIK3CAJP were more sensitive, compared to parental cell lines (FiRied).

There was no significant change in MIRDENKD response to alpelisib compared to

parental cell line (Figure.3).
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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 PIK3@Alp&lisib. (B) No signifi-
cant changes in sensitivity of MINKDEN KD to alpelisib compared to parental cell line
biological triplicates; data are represented as means + SBx0:05, ** p<0.01, ***

p<0.001

Copanlisib (pan-PI3K inhibitor)
Both PTENKO cell lines (MINO and UPF1H) and MMNKBCAJP were more re-
sistant to copanlisib compared to parental cell linéSigure38 A). MINO PTENKD is

more resistant to copanlisib compared to parental cell ([Ryure38 B).
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Figure38

Proliferationassay (A, B)Copanlisib(A)Increased resistance of UPF1H PTEN KO, MINO
PTEN KO and MINO PIK3CAdUW®panlisib. (Bncreased resistance of MINO PTEN KD
to copanlisib biological triplicates; data are represented as means + SD; * p<0.05, **
p<0.01

Capivasertib (pan-AKT inhibitor)
Interestingly,both PTENKO cell lines (MIN@nd UPF1Hand MINOPTENKD re-
tained sensitivity to capivasertib (Figus@ A, B.
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Figure 39

Proliferation assay(A, B)Capivasertib (A)No significant changes in sensitivity are ob-
served in PTEN K@ PIK3CA UP cell lin€B)No significant changein sensitivityof
MINO PTEN KD to capivasesite shown biological triplicates; data are represented

as means + SD
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Torecapitulate, PTEN loss was associated with increased resistaii8Koinhibi-
tors. UPF1IHPTENKO cell line was more resistant tth tested PI3K inhibitors, whereas
MINOPTENKO cell line was more resistant to only AZD8186 and copariigdlortant-
ly, both PTENKO cell lines retained sensitivity to AKT inhibitor (capivasertib). With few
exceptions,PIK3CAjain was not associated witkignificant 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

SincePIK3CAipregulation and PTEN loss led to metabadiprogramming 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 subcutaneousgiyo mice: MINO, MIN®IK3CAJP, MINCPTEN
KO, UPF1H, UPFHEHK3CAJP and UPF1HTENKO. Two celines, UPF1HPIK3CAJP
and MINOPTENKO failed to grow in vivo. MINPIK3CAJP and UPF1ATENKO were

growing faster than their parental counterpaits vivo(Figure40 A, B.
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Figure 40

Invivo, MCL tumor growth curves. (A, B) MINO PIK3CA UP and UPF1H PTEN KO tumors
have bigger size compared to parental cell lines atiraké points. Error bars represent

SEM

Toinvestigate which mechanisms are bethithese findings, we carried out a west-
ern blot to check the expression BCLZF | YA f & LINRPGSAyYyas LIK2a&aLIK2N

MYC. The expression ofMYC was higher iRIK3CAJP andPTENKO tumors com-
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LI NBR (2 GKS LI NBy iKY In@réstingly, thérg/waisian indredé 2 NR ¢
in cMYGC2 expression in all tumors includipgrental cell line tumors compared to in
vitro cell lines (Figurdl). There were no relevant changes in the other tested proteins

and therefore, are not shown here
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Figure 41

Western blot.The expression ofMYC in vivo. IncreaseeWY Gl expressiomn UPF1H

t¢9b Yh Gdzy2NER O2YLJI NBR (2 LI-MBYéande OSf f
MYGH SELINB&&A2Y AY alLbh tLYo/! 't Gdzy2Na O
increased éVIYG2 expression in T1 and T2 of all cell lines. C, cell line samplenibt

1; T2, tumor 2. In vivo samples are represented by a biological duplicate

5.15 Combination of PI3KB/6 and mTOR inhibitors has a synergetic effect in DLBCL

in vivo

Sincein vitro results demonstrated the efficacy of AZD8186 (L Y oinhikitor) in
certain DLBCL cell lines and combining AZD8186 with AZD2dual(mTORnhibitor)
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 iALCO (ABOLBCL) CDX
model, it importantly decreased tumor size in K422 ((@CBCL) CDX model (Figd@e
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 refractery non
GCB DLEBL, WEHA and KTC respectivéhe combination of AZD8186 and AZD2014
was more effective in stabilizing tumor growth in comparison with the use of each

drug alone (Fige.42 B), whichindicates synergism
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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 initiate@rathe 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<0.0@aken from(Xu, et al. 2023)
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The ody weight of mice was stable during the whole in vivo experiments indicating
that thesetreatmentsR A RofuRdsevereside effects(Figure43 A, B).
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Figure43

In vivo,DLBCL tumor experiment. Body weight curves after vehicle control (AZD2014
15mg/kg, AD8186 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 + SDraken fromXu, et al. 2023)
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Discussion

Constitutive activation of PI3KKTsignalingpathway in NHL has been investigated
through the past several years ahdsproved to be associated with a more aggressive
disease and rastance to treatment as mentioned above. In MEIK3CAyene and
PTENprotein were mainly at the core of these studies. The mutatiorPK3CAvas
ruled out in two different studies and amplification was proved to be the common ab-
erration of PIK3CAn MCL(Psyrri, et al. 2009; Rudelius, et al. 20089reover, a recent
whole exome sequencinlgased research, carried out by our team, on clonal evolution
2F uwp al[ LI GASyGaQ &l YLIX SaapseldenSoystrated RA 3
that, after failure of standard immunochemotherapy|K3CAsingle copy gain repre-
sented one of the most frequent copy number variants found in MCL at first relapse
(Karolov, et al. 2023)n ourstudy, we demonstrated thaPIK3CAain was a common
finding representing 43% of cases Bi{sH/aCGH carried out on 61 newly diagnosed
al [ LI A Sy Based orddurYfihdingAwe can postulate that a finely tuned
instead of exaggerated uncontrolled aaetivation of PISKAKT 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-RKK is deleteri-
ous for cancerous cellShojaee et al. 2016Dn the other hand, the leading mecha-
nisms of PTEN loss in MCL remain unexplored. In general, in cRiéecomplete
deletion on DNA level is rather uncomm(fusco et al. 20D and loss of PTEN expres-
sion is more likely caused by different mechanisms such us mutations, transcriptional,
post transcriptional, and post translational modificatio\&ang, Huang, and Young
2015; Chag, Cai, ad Roberts 2019)Threedifferent studies investigated PTEN expres-
sion in MCL primary sampleReudelius et al carried out a western blot analysis to de-
termine PTEN expression in 31 MCL cases, PTEN expression was reduced iartelcases
one caseshowedconplete loss of PTE{Rudelius, et al. 2006lPsyrri et alusing west-
ern blot, tested the expression of PTEN 14 MCL primary cases, and in all of them
PTEN expression was preserviedwever, by implementigimmunohstochemistryon
another33 cases, they detected PTEN loss in 15% ¢Bsggi, et al. 2009}aking into
consideration that immunohistochemistry and western blot are technically different
and can give different mlts. lyengar et al, also looked up the expression of PTEN in
12 MCL casegwo samples manifestedlecreasedPTENexpressioflyengar, et al.

2013) Our investigation demonstrated th&TENJeletion wasrather monodlelic and
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uncommon representing only 7% of cases by FISH and a@protein level, the
western blot analysis of samples taken frgratients with newly diagnosed/relapsed
MCL exhibited variable decreased expresbPTENvith 3 cases shoing complete
loss.Patients with whatever genetic copy number lossRafENnanifested lower PTEN
protein expression compared to patients with unaltere@iENgyeneand somepatients

with unmodifiedPTENyenehadlow orno PTEN proteiexpressionThisindicatesthat
there are other mechanisms such transcriptional, posttranscriptional, and posttransla-
tional modifications that lead tpartial or complete losof PTEN protein in MCL other
than monoallelic and biallelic genetieletionswhich goes along with previous studies
carried out on hematological and ndrematologicaimalignanciefWang, Huang, and
Young 2015; Chang, Cai, and Roberts 2019; Leupin et al. 2003:Addabet al. 2001,
Whang et al. 1998)Consideringhe alove mentioned, we shouldhighlightthat the
FISH /aCGH analysis was conducted only in patients with more than 20% bone marrow
infiltration and therefore, the percentage ¢fIK3CAyain orPTENdeletionin patients

with low or no bone marrow infiltration is still unkwn and needs to be further inves-
tigated. Furthermore PIK3CAgain, andPTENdeletion frequencies at first relapse or
consecutive relapses persist to be undievestigated and should be more explored in

the future.

Surprisingly, loss of PTEN amceractiwation of PIK3CAad different effects on AKT
activation and phosphorylation status in MCL cell lif@smplete PTEN loss was asso-
ciated withhyperphosphorylation of AKT by western blot and demonstrateteased
AKT activity by FRET esskyenpartial PTH 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 mentioneB2a / [ LJI sam@ef § wetern blot.Tensamples §1%)
showed a significantly higher expression of phosphorylated AKT associated with re-
ducedor undetectedPTEN expressioQur results go in line with the studies of Rude-
lius et al who demonstrated, that 29 % of cases witheased 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.@6; Psyn, et al. 2009) Dal Col et all in their study demonstrated that
PTEN phosphorylation (representing inactivated PTEN) was associated with hyper-
phosphorylation of AK{Dal Col, et al. 2008\ccordingly, we decidetb investigate if
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there is an association between the extent of inactivated PTEN expression and the hy-
perphosphorylation of AKT inthe sam8& LJF G A Sy 1aQ &l YLX S&a>x K24S
blot results manifested no correlation between the level of R Bosphoylation and

the level of phosphorylated AKT expressi@mn the other handPIK3CAJP cell lines
manifestedthe same level of AKghosphorylaton as the parental cell lindsy western

blot and an inconclusiveyariable (increased/decreased) AKT activityRRET essay.
This differs from the results of Psyrri et al study that demonstrated that 58% of phos-
phorylated AKT positive samples had an increafelKk8CAyene copy number. How-
ever, knowing thaPIK3CAyain is a common aberration in MCL, thisretation could

have been just @oincidenceandthis study failed to investigate how many cases with
increasedPIK3CAgene 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 displayingigher PK3CAPIK3CDatio was not de-
tected (lyengar, et al. 2013yhich supports our results.

It was documented that PI3K, more specifically p110, rescues BCR negative B cells
(Srinivasan et al. 2009n our study both PTENSs ando a lesser extenPIK3CAjain
decreased dependence on BCR-pwvival signalingt is worth mentioning that the
BCR KO rescue waspeciallyymportant in PTENKOcell lines with higher AKT activity
after the knockoutof PTENThe decreased dependenamn BCR presurvival signaling
in PTENKO andPIK3CAJP cell linesould imply that bothPIK3CAipregulation and
PTEN loss cause resistance to treatments targeting the BCR signalingpdtitdead,
PTEN loss overcanilerutinib (a BTK inhibitor thainhibits AKT(Kapoor, et al. 2019)
mediated decrease in AKT activity. However, the effe®I8B3CAyain on AKT activity
following ibrutinib treatment was irrelevant. The association of constitutive activation
of PISBKAKT mgnaling pathway, caused by PTEN loss and hyperphosphorylation of AKT,
with resistance to ibrutinib was documented in Nfilapoor et al. 2021; Kapoor, et al.
2019; Guan, et al. 2018; Zhao, et al. 201A§expected,the functional test demon-
strated thatPTENKOand PTENKD 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 PIK3CAJP cell lines to ibrutinib compared to @atal cell lines. It seems that

PIK3CAoverexpression increases survival of MCL, but independently of AKT. Our re-

84



sults demonstrate that there is a correlation between reduced PTEN expression and
BTK inhibitor resistance in MCL cell lines. Furihveestigaions 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 caseduce that in MCL,in contrast to PTEN
PIK3CAroduct has the tendency to act independenity AKT. Our findings are in line
with the study of Vasudevan et al, who illustrated that cancer cells, with mutated
PIK3CAmanifested rather low phosphorylated AKT levels, conveRElMNull cancer
cells expressed higher levels of phosphorydat#eKT. Téy suggested that probably
each ofPIK3CAnd PTENas a definite functiorfVasudevan et al. 2009)hese obser-
vations are in line with the knowledge that PTEN has other functions besides regulat-
ing PISKAKT signalig pathway(Wang, Huang, and Young 2015; Yin and Shen 2008)
Moreover, they proposed that in the presence of functional PTEN, mutBI&BCA
signaling pathway is preferably Aiilependent in cance(Vasudevan, et al. 20Q09)
This is supported by another study carried out by Frederik Holst et al on endometrial
carcinoma, demonstrating thd&IK3CAmplification in this type of tumors was related
to aggressive behavior, but, wassociated with low levels of activated Ailolst et

al. 2019)

Interestingly, loss of PTEN was associated with increased sensitivity to thél BCL
inhibitor (A1155463)We speculatd that PTENKO cellihes areBCEXL dependent and
that by inhibiting BGIXL, MCL1 and/or BCL2 cannot compensate forX@Ctlue to
their relative lower expression anore probably stronger interaction with one or more
of the proapoptotic proteins BAD, BAK, BAX, BID, and BIM. Thishbgmois support-
ed by different studies carried out oBCL2family proteins. One of these studies
demonstrated that the sensitivity to a specific BH3 mimetic is rather influenced by the
level of other antiapoptotic proteins than the level of thiargetedanti-apoptotic pro-
tein per se; e.g. sensitivity of AML models and CML cell lines to S63846] (@nhibi-
tor), was negatively correlated to B&L 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 B&{L), was influenced by the ratio of BXILto MCL1 and BCL2
rather than by BCKL expressio(Smith et al. 2020However,the western Hot analy-

sis showeda decrease inthe expression of all three anrtipoptotic proteinsBCEXL,
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MCL1 and BCL#h UPF1IHPTENKOand no changes in their expression in MIRTEN

KO cell lineMoreover,the results of coimmunoprecipitation of B&L and BCL2 dn

0KS RSOSNNAYIFGA2Y 2F GKSANI AYGSNIOGA2Y gA
plain the increased sensitivity dfoth PTENKO cell lines to the BE&L inhibitor
(A1155463)Another coimmunoprecipitation assay of MCL1 with determinationtsof i
interaction with the different pro-apoptotic proteins or a BH3 pfiing assaymight

have explained the increased sensitivityA@155463 Due to time and technical con-

straints, these tests were not implemented.

Moreover, BIM loss and its decreased interactiothnBCL2 (observed in UPF1H
PTENKOcell lin@ couldexplain itsresistance to venetoclax (a BCL2 inhibitor). BIM is
an essential, potent proapoptotic initiator that interacts with and neutralizes BCL2,
BCEXL and MCL(Chen et al. 2005; O'Connor et al. 199B)e 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 Zimoose et al. 2016;
Klener et al. 2021; Prukova, et al. 2019n the other handstudies showed that ve-
netoclax activatesind induces BAX translocation to mitochondriadigplacing BCL2
from it and that decreased BAX expression was associaitidincreased resistance to
venetoclax(Hafezi and Rahmani 2021; Rahmani et al. 20TI8jus, thedecreased in-
teraction of BAX with BCL2 (observed in MIRTENKOcell ling is a probableexplana-

tion for its increasedesistance to venetoclax

The difference iBCLZamily proteins expressions and interactions between both
PTENKO cell lines may be explained by the initial different BIM expression between
the two parental cell lines MINO and UPF1H. MINO has almatlel¢ion of BIM
whereas UPF1H has BIM. After the krodk of PTENn UPF1H, BIM expression has
markedly decreased and probably was the reason behind the decrease in the expres-
sions of BCL2, B&L, MCL1, and phosphorylated BAD and increased expression of
BAK.These paradoxical changes in the expression of anti anéypoptotic proteins
may signify that UPF1IATENKO is compensating for BIM loss maintaining an overall

antiapoptotic effect(Ludwig et al. 2020)

A possile leading mechanismof decreased BIM expression in UPFIHENKO is in-
creased hypoxia inducible fagtd alpha (HIFt 0 S E LINB & &vas2skiodn tb L C m
suppress BIM expressidNictorino et al. 2021; Tsubaki et al. 2019)UPF1HPIK3CA
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UP cell linethere were no changes in BIM expressieven thoughthere was anin-

crease irtHIFth SELINBaaA2y 2 K246 Q0SSN PREROMESgy IS Ay
nificantly higher Otherwise, there was no change in the expression of phosphorylated
FOXO3A, a known target of activated AKT and a transcription factor ofYBidand

Sun 2018; Barreyro et al. 2007; Aroui et al. 20EG)thermore the hyperphosphoryla-

tion of AKT is probably behind BAD hyperphosphorylation in MPNENKO cell line

(Datta et & 1997)and the decreased expression of BAK, since phosphorylated AKT
downregulates p53 which is known to induce BAK expredstsaupner et al. 2011;

Jung et al. 2010; Bruhn et al. 2010)

In the case oPIK3CAJP cell lines only two (MINO and UPF1H) were resistant to
both venetoclax and S6385MCL1inhibitor). MINOPIK3CAJP showed decreased
expression of BAK K2 gS@OSNE . ! Y R2SayQiDoldikowareal.. / [ H A
2024) On the other handdecreased BAK expression coekplain the increased re-
sistance of MINO PIK3CAJP cell line toS63854 and A1155463, since BAK is mainly
neutralized byMCL1and BCIXL(Willis et al. 2005)Concerning UPF1PIK3CAJP, no
relevantBCLZamily protein expression changes were observed. The western blot re-
sults wee insufficient to explaiiPIK3CA t O S fréspohsi 6 8H3MnimeticsoC

immunoprecipitation oiBH3 profiling might have explained these findings.

The decreasén BAK expression in MINRIK3CAJP is probably AKT independent.
One of the possible mechams is the activation of the parallel pathwease-
rum/glucocorticoid regulated kinase family member (3GK3 which is a ser-
ine/threonine kinase, that has similar targets as those of (BKIhn, et al. 2010)in-
terestingly, it was reported that, in the setting of decreased AKT sign&lIK@CAnu-
tations are associated with increased activation of SGKBudevan, et al. 2009)\Ve
suggest further investigation of SGkKde in the context ofPIK3CAoveractivation in
MCL.

Both PTENartial/completeloss andPIK3CAyain changed MCL response to the dif-
ferent BH3 mimetics used. Importantly, both caused resistance to venetoclax, a BCL2
inhibitor used in the treatment of (RIRMCL patients. We suggest the use of dual
BCL2/BCGKL inhibitors in future prelinical trials. The changes in BCL2 family proteins
expression profiles and interactions were heterogenous among the teBIEENKO
andPIK3CAJP cell lines and could partiakxplain the BH3 mimetics screening results.
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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, auding treatment, to maximize survival and proliferation
(Ricci and Chiche 2018; Goetzman and Prochownik 2018; Lien, Lyssiotis, and Cantley
2016) PISKAKT signaling pathway is one of these mechanisms that |leatktabolic
reprogramming in cancgiHoxhaj and Manning 202@oth 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 (usinglgsis even when oxy-
gen is available) to meet their high energy demands or what is known as Warburg ef-
fect a hallmark of cancéGoetzman and Prochownik 2018Ye carried out a Seahorse
analysis to investigate whether PTEN loss BHBBCAveractivation impactsnetabo-
lismin MCL. Increased glycolysis to OXPHOS ratio was mainly observed HhRIERL
KOcell line ando a lesser extent in UPFIHK3CAJP cell line and was not clearly dis-
cernible in MINOPTENKO orPIK3CAUP cell lines. The hyperphosphorylation and
overactivation of AKT in UPFPAHENKO cell line explain the increased glycolgttivi-
ty since AKT activation promotes aerobic glycol{Sen, Dickman, and Zong 2010)
Moreover, MYC, which was highly expressed in URFILENKO cell line, is a major

coordinator of cell metabolism balancing beten glycolysis and OXPHOS, regulates

3t dz02aS> FYAYy2 | OAR&AQYE YR fALAR YSOlo2ftA

the Warburg effect(Cargill et al. 2021)Dong et & 2020; Goetzman and Prochownik
2018) In UPF1HPIK3CAJP 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 mecharttsah promotes glycolysis

in an AKT independent mannetK3CAnutation (Hu et al. 2016; Elstrom et al. 2004)
The same results were reproduced after the hypoxic test. UFFFIENKO cells were
significantly more rsistant to hypoxiaand had a higher expression BiiF1-" com-
pared to parental cedl Our results are supported byrgvious studieshat showed that
hypoxia adaptation was associated with the allelic loss or inactivatiolP TN
(Bhandari et al. 2019; Kohnoh et al. B)1Dn the other hand, PTEN loss promotes
HIF1h -mediated gene expressidifang et al. 2021; Abou Khouzam et al. 2020; Zundel
et al. 2000) UPF1HPIK3CAJP cellsto a lesser extentwere also more resistarto hy-

poxia and manifested an increaseliFth expressionOn the other handMINO pa-
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rental cell line is initially resistant to hypoxia, therefore, no significant differences be-
tween MINO parental cell line and MINETENKO orPIK3CAJP cell lines were detect-

edand as expected no change in the expression of FlIF1g & 206 a SNIISR ®

BIM loss was shown to shift metabolism towards glycolgsambrecht et al. 2024)
We can speculate that the significant increase in glycolytie odbserved in UPF1H
PTENKO cell line and its important resistance to hypoxia are largely driven by BIM loss.
Snce MINO parental cell line has a biallelic deletion of BIM, no significant differences
could have resulted between MINO parental and MIRTENKO cell lines after Sea-
horse analysis, hypoxic test, and determination of HIFL SELINB A aA 2y ® ¢ KA &
explain the different results between UPFPHK3CAJP and MIN®IK3CAJP cell lines.
Probably, the impact oPIK3CAveractivation on metabolisnsiBIM independent and
since BIM expression was preserved in UPPIKBCAJP cell line, we could detect the
influence ofPIK3CAoveractivation on metabolisiphowever,in MINOPIK3CAJP cell
line the effect ofPIK3CAIpregulation was shadowed by the absemédBIM.

Surprisingly, alfour above mentioned celineswere resistant to the glycolysis in-
hibitor 2-DeoxyD-Glucose (DG). A probable explanation is thaRK3CAJP andPTEN
KO cell lines with their corresponding parental cell lines were treated widks 2inder
normoxic conditions. It was shown thal2G does not kill the majority of tumoral cells
under normoxia, because tumoral cells can switch from glucose to other energy
sources to produce ATXi 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 thd& TENKO andPIK3CAJP cell lines re
shifted their metabolism to OXPHOS under the influence-bf2and normoxic condi-
tions resulting in resistance. Moreovexge carried out an apoptotic assag investi-
gate the efficacy of DG. Maybe, a better option woulthvebeento conduct a prolif-
eration assay instead to evaluate the inhibitory effect €D@. Nevertheless, this sug-
gests that PTEN loss aRitK3CAverexpression led to higher plasticity of MCL to re-
program itself metabolically to resist on one hand hypoxia and on the other ggnd

colysis inhibition in vitro

We show here that both PTEN loss &1&3CAipregulation led to metabolic repro-
gramming in MCL in favor of glycolysis associated with increasestarece to hypoxia
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and glycolysis Hmbition. Loss of BIM, increaseeac, / £ | YR | LCmh SELINB A

explain these changes

Interestingly, brutinib resistance was attributed to increased OXPHOMCL
(Galiciavazquez and Aloyz 2018; Zhangakt2019; Fuhr et al. 2022Paradoxically
PTENoss showed higher glycolysis but was associated Witltinib resistance We
can suppose thatlespite thehigher glycolytic activitythe overall effectof PTEN loss
causegbrutinib resistanceeither byother molecularmechanismsor by quickly rewir-

ing MCLmetabolism when treated with ibrutinib.

PTEN loss an®IK3CAoverexpression were associated with accelerated tumor
growth in vivo. One probable explanation is the increasdtMC 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 preced&oetzman and Prochownik 2018he protein iso-
form MYC1 was shown to induce both cell growth and apoptosis wherelkr €2
induced cell gravth only (Benassayag et al. 2009y vitro, both tested cell lines
(UPF1HPTENKO and MIN®IK3CAJP) manifested increasedMYC expression. While
UPF1HPTENKO manifested a higher expression of botM¥C1 and eMYG2 leading
to an overall increased cell growth effect, MINDK3CAUP manifested only an in-
creased expression ofMYG2. In vivo, UPF1IRTENKO tumor mainly manifested a
higher expression of-MYCG1 whereas MINQPIK3CAJP demonstrated increased ex-
presson of both eMYC1 and eMYG2. Moreover, there was an increased expression
of cMYGH Ay |t Ay @OAG2 Y2RSta AyOfdzZRAy3 LI N
GAGNR OStt fAYySaQMYE2 ekhdisstoa & induded mady ¥idivol K I
PIK3CApregulation and PTEN loss impact on tumor growth is probably mediated by c
MYC. Unfortunately, our study was limited to one model for each aberrd&itBCA
UP orPTENKO, which is not enough to confirm this hypothesis. In the future, other

experimentsmvestigating the role oPIK3CAyain and PTEN loss in vivo a@ranted

Reactivation of the PI3KKT pathway as a mechanism of PI3K inhibitors tolerance
and resistance was mentioned in the pg%in and Shen 2008%chwartz et alcon-
Oft dZRSR GKIFG t¢9b RSTFAOASY(d Gdzy2NBR I NBE RSLJ
tLoYhki AYKAOAUGZ2ZNI Aa ST Eéodtdedd 2005But N I NB & 4
study demonstrated that PTEN loss svassociated with resistance to AZD8186 (a
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t LoYh ki AYKAOA U2 NB3K lnkikRor) ZbotiPTERKD &ell bnesid LI y
to copanlisib in MINGPTENKD cell line The UPF1IHPTENKO cell line was especially
resistant to all PI3K inhibitorslowever our results aresupported by another research

that denoted that PI3KAKT 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 resistaa(Mukherjee et al. 2021}his suggests that

an initial decreased PTEN expression causes resistance to PI3K inhibitors. On the other
hand, PIK3CAamplification was shown to be associated with idelalisib (& RIBhil-

tor) resistance in MC{yengar, et al. 2013However,none of the testedPIK3CAJP

cell linesmanifestedan increased resistance to idelalisib. Moreover, gimical and

clinical trials proved the sen&itdA G& 2F oNBIF ad OF yOSNE 6AGK
adzodzy Al G2 I LISt AR et alo2019pbut fory the all fguKtasted (i 2 N
PIK3CAJP cell lines only MINRIK3CAJP was more sensitive to almeb compared to

parental cell line. Furthermore, Huw et in their study, carried out on breast cancer,
demonstrated thatPIK3CAamplification causes resistance to PI3K inhibitgtaw et

al. 2013) This finding opposes again our results since, excluding NAKBCAJP re-

sistance to copanlisib, there were no significant differences between thetésied
PIK3CAJP cell lines and the parental cell lines after PI3K inhibitors treatment. Once
more we ge that loss of PTEN and gainRdK3CAesulted in different outcomes and
conclude thatPIK3CAIZLINBE 3 dzf F A2y R2Say Qi &aSSy (2 AyT
inhibitors while PTEN loss is associated with significant resistance to this group of

drugs.

In viro and in vivo experiments demonstrated that capivasertib (AZD5363, a pan
AKT inhibitor) triggers cytotoxicity in PTH&ficient DLBCIErdmann et al. 2017)
which goes in line with our results, since b&MENKOcell 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 summaryPIK3CAveractivationand PTEN lasare notmutually exclusive in MCL
as previously state@syrri, et al. 2009kince 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 aRtK3CAgain through different mecha-
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nisms, in an AKT dependent and epeéndent manner respectively, resulted in de-
creased dependence of MCL cells on-puovival 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 aedistance to glycolysis inhibitors, all

of which is associated with progressive dise@ettazova et al. 2024)

In DLBCL, aberrant activation of REBKFMTOR signaling pathway is frequent and
the use of therapis targeting this signaling pathway has been repeatedly reported in
pre-clinical and clinical trial§Witzig et al. 2011; Zang et al. 2013; Lee et al. 2015; Lenz,
et al. 2020; Erdmann, et al. 2017; Bojarczuk et 8192 Pongas, Annunziata, and
Staudt 2017)For the time being few drugs have been approved for clinical use such as
temsirolimus, everolimus, idelalisib, and copanliglanku, Yap, and Mefigernstam
2018)¢ KS NRES 2F tLYoi Ay GKS &dz2NODACdef 2F 5
2dzNJ O2f t S 3dz§48 RSOARSR (2 SELX2NB (KS 02y
vitro experiments showedhat, regardless of molecular subtype, the use of AZD8186
@PbyY I k41 AYKAOAG2ND ¢l a SFFSOGABS Ay | LIk
LISYRSYyOS 2y tLoYi ® /2yOSNYyAya GKS NBYIFAYA
0K2NRdzZAK AYy@SaildAaldAzys 2dzNJ O02f f SI 3dzSa LINJ
as mebanism of resistance and prapd SR G KS dzaS 2F tmITOR | k!
inhibitor combinationto get over resistance. Indeed, the combination of both drugs
was effective in tackling the resistance in vitfdu, etal. 2023) The use of dual
PISK/mTOR inhibitors in preclinical and clinical trials was shoviie more effective
and cause less resistance than monotherapy in caf\ser et al. 2022)The study car-
ried out by Zangt 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 GCHDLBCL celi&ang, et al. 201Fowever, they d Ry Qi GSad Ada
vivo. Ourcontribution was to carry out the in vivo experiments and cesults were in
fAYS GAOK 2dzNJ O2ffSIH3dzSaQ Ay QOAIGNR NBadz
l %5 ymMyc OF tLoY i k4 AYKAiohbiio Nkffedtivé Rnd! %5 H
succeeds in either stabilizing or decreasing tumor growth of the different tested mo-
lecular subtypes including refractory DLBCL without causing adverse side efiects
al. 2023)
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Conclusion

In MCL, a rare aggressive subtype of B cell NHL, we investigated frequent alterations
of PIBKAKT signaling pathway. We found that eachP®K3CAoverexpressionand
PTENoss through dferent mechanisms increases MCL survival, fosters metabslic
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 consequesees to beAKT dependent while

PIK3@ gene upregulatioprobablybehaves iran AKT independent manner.

A. PIK3CAyeneupregulation is a common finely tuned mechanigiich is not as-
sociated with increased phosphorylation of AKHile PTEN loss is less common,
caused by monoallelic deletiar non-genetic modification®r a combination of

both and is associated with hyperphosphorylation/overactivation of AKT

B. PTEN loss significantly decreagependence on BCR psarvival signalingnd
is associated with increased resistanice BTKinhibitors. On the other hand,
PIK3CAyenegain slightly decreasedependence on BCR psurvival signaling

without changing sensitivity to BTK inhibitors.

C. PTEN losis associated witlmajor metabolic reprogramming towardgycolysis
important resistance to hypoxiand glycolysis inhibitiorwhile PIK3CAenegain
decreaseDXPHO&Nd to a lesser externincreases survival under hypoxia and

resistance taylycolysis inhibitors.

D. PTEN loss increasessistance against BCL2, MCL1 and PI3K inhibitors, and in-
crease sensitiviy to BCEXL inhibitiem while PIK3CAgene gain promotes re-
sistance to BCL2nd MCL1without significant changes in sensitivity to PI3K in-
hibitors.

E. Partial PTEN loss increasgHlT activityand resistance t®&@TK BCL2MCL1, and
copanlisib (gpan-PI3K inhikibr).

In DLBCL, the most common subtype of B cell NHL, we demonstrated that the com-
OAYFGAZ2Y 2F 1 %5 ymyc 61 tLYo ki1 AYKAOAG?2
synergetic and effective in stabilizing/reducing tumor size in different molecular sub-

types.
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8 Suggestions for future research
hdzNJ aidzRé RARYy Qi SELX 2NB (KS FTNBIjdzSyde
quent relapses nor their percentage in patients with low or no bone marrow infiltra-
tion and therefore, should be further investigated. Givéae frequency oPIK3CAopy
gain confirmed by multiple studies in MCL, more investigations are needed to shed
light on all the mechanisms by whi€hK3CAeneupregulation impact the behavior of
MCL such as exploring the SGKS3 signaling path@8iage bothpartial and complete
PTENoss caused BTK inhibitor resistance, further investigations to confirm this corre-
lation in primary MCL sampledefore and after failure of BTihibitor therapy, are
warranted. We also suggest testing the combination of BCLnhibitor with veneto-

clax in the treatment of MCL.
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