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RESUMO

O cancer pode ser considerado um desafio inerente ao aumento da
longevidade humana e estilo de vida atual. Observa-se, sobretudo, um crescimento
notavel nos casos de cancer de mama, considerado o tipo mais diagnosticado no
mundo. Os impactos desta condi¢do nao se limitam a perda de qualidade de vida
das mulheres vitimas da doenca, principal publico deste tipo de cancer, mas é
também considerado um problema de saude publica emergente. O remodelamento
metabdlico € uma das bases da transformagéo celular maligna e, por isso, um alvo
interessante para a terapia anticancer, utilizado em associagdo com outras
modalidades terapéuticas para otimizar o tratamento e superar a resisténcia
adquirida aos farmacos. Uma via classica de plasticidade metabdlica € do mTOR,
um propulsor da biossintese de macromoléculas que garante o crescimento e
divisao celular. Esta via, dentre outras, foi investigada neste trabalho como possivel
alvo da chalcona sintética 4-nitrochalcona (4NC). A 4NC apresentou um efeito
antiproliferativo em modelo in vitro de cancer de mama (linhagem MCF-7), associado
a atenuacdo de Raptor e S6K1, efetores a jusante de mTOR, com consequente
reducao da sintese proteica; além de queda da razao lactato/piruvato, um indicador
importante da glicdlise aerdbica ou efeito Warburg. Adicionalmente, o potencial
anticancer da 4NC foi confirmado in vivo no carcinoma solido de Ehrlich, com
administragdo de 4NC por via oral, na dose de 25 mg kg™ ao dia por 21 dias. Em
ambos os modelos, houve também um incremento génico e proteico dos niveis de
LC3, um marcador autofagico. No entanto, demonstrou-se in vitro que os niveis de
outros efetores autofagicos como p62 e Beclina-1 ndo se alteraram, sugerindo um
efeito de bloqueio da autofagia mediado pela 4NC. Portanto, a 4NC apresenta efeito
dual na modulagdo metabdlica tumoral. Afora as vias de metabolismo classicas,
novos marcadores de interesse neste campo despontam, como é o caso da enzima
6-fosfofruto-2-quinase/frutose-2,6-bifosfatase 3 (PFKFB3). Trata-se de uma potente
fomentadora do efeito de Warburg, com atividade enzimatica colateral a glicdlise.
Tendo em vista a heterogeneidade do cancer de mama em termos de classificacao
morfolégica, molecular e comportamento clinico, fez-se uma revisdo de literatura
para avaliar os beneficios da terapia anti-PFKFB3 no cancer de mama, com
destaque para as chalconas 3PO, PFK15 e PFK158. Cada subtipo de cancer de
mama apresentou uma resposta caracteristica, vinculada principalmente as vias de
sinalizagcdo PI3K/AKT/mTOR e MAPK e ao status hormonal. Independente do
contexto de modulagdo metabdlica, anti-mTOR ou anti-PFKFB3, as chalconas se
mostram como possibilidades consistentes de terapia no cancer de mama,
especialmente com base em estudos pré-clinicos.

Palavras-chave: Chalconas. mTOR. Autofagia. PFKFB3. Cancer de mama.



ABSTRACT

Cancer can be considered an inherent challenge to increasing human
longevity and current lifestyle. In particular, there is a remarkable growth in cases of
breast cancer, considered the most diagnosed cancer in the world. The impacts of
this condition are not limited to the loss of quality of life of women victims of the
disease, but it is seen as an emerging public health problem. Metabolic remodeling is
one of the bases of malignant cell transformation and, therefore, an interesting target
for anticancer therapy, used in association with other therapeutic modalities to
optimize treatment and overcome acquired resistance to drugs. A classic pathway of
metabolic plasticity is mTOR, a macromolecule biosynthesis booster that ensures cell
growth and division. This pathway was investigated herein as a possible action
mechanism of the synthetic chalcone 4-nitrochalcone (4NC). 4NC showed an
antiproliferative effect in an in vitro model of breast cancer (MCF-7 cells lineage),
associated with attenuation of Raptor and S6K1, downstream effectors of mTOR,
with a consequent reduction in protein synthesis; in addition to a drop in the
lactate/pyruvate ratio, an important indicator of aerobic glycolysis or Warburg's effect.
Additionally, the anticancer potential of 4NC was confirmed in vivo using the solid
Ehrlich carcinoma model, with oral administration of 4NC at a dose of 25 mg kg per
day. In both models, there was also an increase in gene and protein levels of LC3, an
autophagic marker. However, it was demonstrated in vitro that the levels of other
autophagic effectors such as p62 and Beclin-1 did not change, suggesting a 4NC-
mediated autophagy blocking effect. Therefore, 4NC has a dual and synergistic effect
on tumor metabolic modulation. Apart from the classical metabolism pathways, new
markers of interest in this field are arising, such as the enzyme 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3 (PFKFB3). It is a potent promoter of the
Warburg effect, with enzymatic activity that is collateral to glycolysis. Considering the
heterogeneity of morphological, molecular classification, and clinical behavior of
breast tumor, a literature review was carried out to assess the benefits of anti-
PFKFB3 therapy in breast cancer, with emphasis on the chalcones 3PO, PFK15, and
PFK158. Each breast cancer subtype showed a characteristic response, mainly
linked to the PISBK/AKT/mTOR and MAPK signaling pathways and hormonal status.
Regardless of the context of metabolic modulation, anti-mTOR or anti-PFKFB3,
chalcones have been shown to be consistent possibilities for breast cancer therapy
at the precilinical level.

Keywords: Chalcones. mTOR. Autophagy. PFKFB3. Breast cancer.
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1 INTRODUGAO

1.1 SITUACAO ATUAL DE CANCER E DO CANCER DE MAMA

Ao contrario do ocorrido em grande parte da histéria humana, as doengas nao
comunicaveis (DNC) converteram-se na principal causa de morte no mundo (WHO,
2021a). Estas doencgas incluem disfungdes cardiacas, respiratorias, diabetes e
cancer e sao em geral de longa duragcdo e natureza complexa, resultantes de
multiplos fatores intrinsecos e extrinsecos ao individuo (WHO, 2021a). O cancer é a
segunda maior causa de morte de DNC, com mais de 9 milhdes de mortes ao ano e
a primeira causa de morte nos paises desenvolvidos (WILD; WEIDERPASS;
STERWART, 2020). Com o aumento da expectativa de vida e crescimento da
populagdo, as projegdes indicam expressivos aumentos nas taxas de morte e
incidéncia do cancer, com cerca de 100.000 casos de cancer em 2040 apenas nos
Estados Unidos (RAHIB et al., 2021).

Cancer € um termo genérico para denominar centenas de enfermidades que
cursam com alteragbes genéticas e epigenéticas progressivas e acumulativas,
levando a perda de controle na maquinaria celular responsavel pela proliferagao
celular e homeostase (HANAHAN; WEINBERG, 2000; TAKESHIMA; USHIJIMA,
2019). Os derivados celulares malignos apresentam seis atributos basicos:
autossuficiéncia em sinais de crescimento, insensibilidade a sinais inibidores de
crescimento, evasdo de morte celular programada, potencial replicativo ilimitado,
angiogénese sustentada, e invasdo e metastase de tecidos (HANAHAN;
WEINBERG, 2000). Dois atributos adicionais foram descritos posteriormente: a
reprogramacao metabdlica e a evasao da resposta imune (HANAHAN; WEINBERG,
2011). O resultado final € um circuito celular de crescimento ilimitado, que da origem
a inumeras geragoes celulares com potencial de colonizar multiplos sitios no corpo.

O cancer de mama é atualmente a principal causa de morte por cancer na
populacao feminina e o tipo de cancer mais comum no mundo (BRAY et al., 2018;
WHO, 2021b). No Brasil, o cancer de mama segue a mesma tendéncia, com uma
mortalidade de 18.068 em 2019 e 66.280 novos casos estimados para 2020 (INCA,
2021). Além do historico familiar da doenca, o risco de cancer de mama é
aumentado por fatores reprodutivos e de estilo de vida como menarca precoce,
nuliparidade ou idade posterior na primeira gravidez, uso de horménios exdégenos,
sobrepeso e inatividade fisica (WILD; WEIDERPASS; STERWART, 2020).
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O cancer de mama € uma doenca multiforme, compreendendo varios tipos
histologicos e subtipos moleculares, que tem impacto direto na terapéutica e
resposta clinica (POLYAK, 2007). A expansao clonal a partir da célula mioepitelial
(basal) ou luminal transformada desencadeia o crescimento de uma massa mamaria
anormal, que varia desde um carcinoma de mama in situ a carcinomas invasivos e

metastaticos (Figura 1).

FIGURA 1. PROGRESSAO DO CANCER DE MAMA

Normal In situ Invasivo Metastatico
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FONTE: Modificado de POLYAK (2007).

A partir dos estudos de perfil de expressao génica de PEROU et al., (2000) e
SORLIE et al. (2001) foi possivel identificar subtipos de cancer de mama que
preveem com maior acuracia o comportamento da neoplasia que os parametros
clinicos e morfologicos até entdo utilizados, além de delinear potenciais alvos
terapéuticos e indicadores de prognodstico. O cancer de mama passou a ser
classificado de acordo com a expressao do receptor de estrogénio (RE), receptor de
progesterona (RP) e receptor do fator de crescimento epidérmico humano 2 (HER2)
em pelo menos 4 subtipos distintos: luminal A (RE*/RP*/HERZ27), Iluminal B
(RE*/RP*-/HER2*-), superexpressdo de HER2 (RE/RP/HER2*) e triplo-negativo
(TN; RE7/RP7/HER2") (SORLIE, 2004).

A assinatura molecular dos tumores é avaliada na rotina clinica por
imunohistoquimica (IHC), juntamente com outros marcadores importantes como o

Ki67 (proliferacdo celular), e sdo preditores independentes de morte por cancer de
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mama (JOHANSSON et al., 2021). Os tumores do tipo luminal representam 60-70%
dos casos de cancer de mama, seguidos dos com superexpressdo de HER2 (15—
20%) e TN (10-20%); o prognostico € bom a intermediario para os tipos luminais,
enquanto que para os demais o prognostico € pouco favoravel (NASCIMENTO;
OTONI, 2020). A terapia do cancer de mama envolve uma estratégia multimodal
com uma combinacdo de quimioterapia neoadjuvante, cirurgia, radioterapia,
quimioterapia adjuvante e/ou enddécrina e combinagdes de agentes quimioterapicos
com terapia hormonal ou imunoterapia (FISUSI; AKALA, 2019).

Os farmacos antitumorais visam erradicar o tumor ou, pelo menos, reduzir o
tamanho tumoral. Tais agentes interferem em fungbes fundamentais para o
crescimento e sobrevivéncia celular, como os agentes alquilantes que se ligam a
varias macromoléculas celulares, especialmente o DNA, impedindo a divisao celular;
os inibidores de microtubulos, que perturbam a sintese e a degradacdo do
citoesqueleto celular; e os antimetabdlicos, que inibem etapas-chave na sintese de
DNA e RNA (NYGREN, 2001). Apesar do alvo destes farmacos ser classicamente
mais ativo em células tumorais, a falta de seletividade € um grande problema, assim
como a resisténcia ao tratamento (CHABNER; ROBERTS, 2005). Assim, a
necessidade de terapias anticancer €& emergente e o0 mercado para ©
desenvolvimento de novos farmacos contra o cancer de mama esta em expansao,
com destaque para os 5 principais alvos: terapia alvo para HERZ2, inibidores de
quinase 4/6 dependente de ciclina (CDK4/6), agentes hormonais, inibidores da
proteina 1 de morte celular (PD1)/ ligante de morte celular programada 1 PDLA1,
agentes citotdéxicos e inibidores da fosfatidilinositol 3-quinase (PI3K)/proteina
quinase B(AKT)/ alvo mecanistico da rapamicina (mTOR) (WILCOCK; WEBSTER,
2021).

1.2 CHALCONAS COMO ALTERNATIVAS TERAPEUTICAS PARA O CANCER

O termo chalcona tem origem do grego “chalcos” (bronze), devido a
tonalidade amarelada destes compostos. Trata-se de precursores na biossintese de
flavonoides e isoflavonoides, classificados como flavonoides menores (BOHM, 1975;
NINOMIYA; KOKETSU, 2013). As chalconas (1,3-diaril-2-propen-1-ona) apresentam
uma estrutura quimica de cadeia aberta, composta por dois anéis aromaticos (A e B)

interligados por um sistema carbonil a,B-insaturado de trés carbonos (NINOMIYA;
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KOKETSU, 2013). As chalconas naturais estdo presentes em chas, frutas,
vegetais e alimentos a base de soja e sdo hidroxiladas em algum grau (BOHM,
1975; NOWAKOWSKA, 2007). A estrutura geral das chalconas pode ser observada

na Figura 2.

FIGURA 2. ESTRUTURA QUIMICA GERAL DAS CHALCONAS

O

X

FONTE: DAS; MANNA (2016).

Chalconas naturais tém varias atividades bioldgicas in vitro e in vivo incluindo
antifilarial, larvicida, antiprotozoaria antimalarica, antibacteriana, antiviral, anti-HIV,
antilipidémica, antihiperglicémica, antiplaquetaria, anticonvulsivante, neuroprotetora,
antiangiogénica, antioxidante, anticancer e anti-inflamatéria (BANOTH,;
THATIKONDA, 2020). Ademais, a estrutura das chalconas (C6-C3-C6) é uma matriz
privilegiada e flexivel para a sintese de compostos derivados, aumentando o arsenal
de possibilidades de uso destes compostos (DIAZ-TIELAS et al., 2016).

No campo das pesquisas anticancer, as chalconas naturais e sintéticas
mostraram o6timos efeitos devido ao seu potencial inibitério sobre: transportadores de
resisténcia a multiplas drogas (MRP1, MDR1 e BCRP), vias de horménios sexuais,
desacetilagdo de proteinas, degradacdo de p53, angiogénese, tubulina,
topoisomerase, proteinas quinases e sobre as vias de sinalizagao Janus quinase
(JAK)/ transdutor de sinal e ativador de transcricao (STAT), Wnt, fator nuclear kappa
B (NF-kB) e mTOR (MAHAPATRA; BHARTI; ASATI, 2015). Estas acdes estdo de
acordo com a abordagem das novas geragdes de farmacos anticancer, baseados na
modulagdo de vias de crescimento, receptores e transdugdo de sinais, ou que
regulam o ciclo celular ao invés de objetivar o dano citotéxico ou ao DNA de forma
direta (DAS; MANNA, 2016). Recentemente, a aplicagcdo das chalconas tem
despontado nas pesquisas de cancer de mama (Ruparelia et al., 2018; Muchtaridi et

al., 2019; Lim et al., 2020), como farmacos e pré-farmacos.
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A 4-nitrochalcona (4NC) é uma chalcona sintética, com a adicdo do
substituinte NO2 na posi¢cao para- do anel B (Figura 3), relacionado ao aumento da
poténcia e seletividade da chalcona (MAI et al., 2014). As propriedades anticancer
da 4NC foram demonstradas por varios autores in vitro (CARPIO AREVALO et al.,
2019; CORDEIRO et al., 2021; DIMMOCK et al., 2002; DOS SANTOS et al., 2020;
VIA et al.,, 2009), todavia no céncer de mama seu efeito biolégico € ainda

desconhecido.

FIGURA 3. ESTRUTURA QUIMICA DA 4NC
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FONTE: CARPIO AREVALO et al. (2019).

1.3 O METABOLISMO TUMORAL

A reprogramacgao metabdlica € uma dos oito atributos registrados do cancer
(HANAHAN; WEINBERG, 2011), mencionados no item 1.1. Este termo é usado para
descrever o incremento ou supressao de vias metabdlicas em células tumorais
decorrentes de mutacbes ou demais alteracdes relacionadas a transformacgao
maligna (DE BERARDINIS; CHANDEL, 2016). A proliferacado celular irrefreada é
criticamente dependente da remodelacado da capacidade de gerar energia, a fim de
sustentar o crescimento e a divisdo das células, que estdo aumentados. De uma
forma simplificada, o catabolismo completo da glicose é dependente de 3 vias
celulares: a glicélise, o ciclo do acido tricarboxilico (CAT) e a fosforilagdo oxidativa
(FO) (PARKER, 2020). Inicialmente, a glicose é processada a piruvato pela glicélise
e, na presenca de oxigénio, &€ convertido a acetil-CoA, a qual segue para a
mitocondria. A acetil-CoA é, por sua vez, processada a oxaloacetato pelo CAT,
reduzindo os aceitadores de elétrons nicotinamida adenina dinucleotideo (NAD) e
dinucleotideo de flavina e adenina (FADH), os quais sdo direcionados para a FO

para produzir 32 - 38 moléculas de trifosfato de adenosina (ATP)/ mol de glicose
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(FADAKA et al.,, 2017). Em condigdes de hipoxia, a glicolise € a principal fonte
energética da célula, a partir da conversdo do piruvato a lactato, com o modesto
rendimento de 4 moléculas de ATP/ mol de glicose (FADAKA et al., 2017). Embora
contraintuitivo, a célula tumoral direciona boa parte de seu metabolismo para a
glicélise, mesmo na presenca de oxigénio, processo descrito por Otto Warburg e
conhecido como efeito Warburg ou glicolise aerébia (WARBURG, 1925). A
subordinagéo das células tumorais a glicélise € um evento observado nos canceres
hematoldgicos e solidos, mas € melhor compreendido nestes ultimos, devido ao seu
frequente aporte irregular de oxigénio (HANAHAN; WEINBERG, 2011); porém, a
principal vantagem deste desvio metabdlico é a notavel habilidade da glicolise em
produzir intermediarios metabdlicos, que sao combustivel para varias vias
biossintéticas subsidiarias, como a via das pentoses fosfato e a sintese de lipideos
(DE BERARDINIS; CHANDEL, 2016).

O programa anabdlico das células tumorais é impulsionado pela perda de
supressores tumorais, como é o caso do p53 (LIU et al., 2019) e também pela
ativagdo de oncogenes, como o MYC (DONG et al., 2020). Outrossim, vias de
sinalizagao intracelular podem ser potentes indutores das reagbes anabdlicas, em
especial a via PI3BK/AKT/mTOR, que com frequéncia apresenta-se alterada em
varios canceres, incluindo o cancer de mama (HOXHAJ; MANNING, 2020; LI et al.,
2021).

A ativagdo de PI3K/AKT na membrana plasmatica estimula diretamente
enzimas metabdlicas e transportadores de nutrientes e ativa importantes efetores a
jusante como a via mTOR. O complexo mTOR contém duas subunidades, o
complexo mTOR 1 (mTORC1) e mTOR 2 (mTORC2). O mTORC1 é responsavel por
mediar a conexao de sinais de crescimento a montante, como a ligagao de fatores
de crescimento e a disponibilidade de nutrientes, com a maquinaria responsavel pela
biogénese e crescimento celular (LAPLANTE; SABATINI, 2012), como representado

na figura 4, sendo um regulador chave de vias metabdlicas.
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FIGURA 4. REGULACAO DO ANABOLISMO CELULAR VIA mTORC1
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FONTE: Modificado de DIBBLE; MANNING (2013). Legenda: AAs, aminoacidos; ATP, trifosfato de

adenosina; mLST8, alvo da subunidade LST8 do complexo de rapamicina; mTOR, alvo mecanistico
da rapamicina; mTORC1, complexo 1 do alvo mecanistico da rapamicina; NADPH, nicotinamida

adenina dinucleotideo fosfato reduzido; Raptor, proteina regulatéria associada a mTOR.

Ao contrario, em condicdes de limitacdo de nutrientes, a célula ativa um
programa de catabolismo para garantir sua sobrevivéncia. Neste caso é um
processo oposto a funcdo de mTORC1 e diretamente regulado por ele: a autofagia,
também referida como macroautofagia (DE BERARDINIS; CHANDEL, 2016).

A autofagia é uma resposta celular altamente conservada, baseada em um
processo de degradacgao lisossomal bem regulado de proteinas mal dobradas,
organelas danificadas e microorganismos invasores; entretanto, a autofagia pode ser
ativada para garantir a sobrevivéncia celular em periodos de privagdo energética,
pela reciclagem de conteudo intracitoplasmatico para fornecer nutrientes (Figura 5)
ou mesmo atuar como uma ferramenta de morte celular, neste caso uma morte
celular programada do tipo Il (LEVINE; KLIONSKY, 2004).
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FIGURA 5. VIA AUTOFAGICA
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FONTE: Modificado de GIL; PESZ; SASIADEK (2016). Legenda: ATG, gene relacionado a autofagia;
PI3KC3, complexo da classe lll PI3K; mTORC1, complexo 1 do alvo mecanistico da rapamicina; ULK,

cinase semelhante a unc-51.

A autofagia consiste de uma maquinaria intrincada, com a participagao de
pelo menos 18 genes relacionados a autofagia (ATGs) (BEDNARCZYK et al., 2018).
Na ocorréncia de inibicdo de mTORC1 ou ativacado da proteina quinase ativada por
monofosfato de adenosina (AMPK), a cinase 1 semelhante a unc-51 (ULK1) torna-se
ativada e inicia uma cascata de reagdes com a participacdo do complexo PI3K de
classe lll, com destaque para a proteina Beclina-1, havendo a formagdo de uma
membrana lipidica dupla de isolamento, denominada fagéforo. Subsequentemente,
ha o recrutamento de varias proteinas responsaveis pelo alongamento e maturagéo
do autofagossomo, como o complexo ATG5-ATG12/ATG16L e o sistema das
proteinas associadas a microtubulos 1A/1B de cadeia leve 3B (LC3)-
fosfatidiletanolamina (LC3-I1). O LC3-Il é incorporado na membrana interna e externa
do autofagossomo e com o auxilio do adaptador p62 faz a ligagdo com o conteudo a
ser degradado na superficie interna. O autofagossomo assim formado funde-se ao
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lisossomo e ocorre a degradagdo dos substratos sequestrados (LEVINE;
KROEMER, 2008). Deste modo, LC3-ll e p62 podem ser utilizados para o
monitoramento do fluxo autofagico (MIZUSHIMA; YOSHIMORI, 2007).

No cancer a autofagia apresenta um papel dualistico, a depender da fase:
ela é considerada um supressor tumoral nas fases de iniciacdo e promocido da
carcinogénese, pois protege as células do estresse e degrada os componentes
danificados; mas quando superativada em um cancer ja estabelecido, ela é uma
ferramenta de plasticidade metabdlica, promovendo a persisténcia tumoral (YUN;
LEE, 2018). A autofagia € um alvo terapéutico promissor no tratamento do céncer
em estudos pré-clinicos e clinicos, principalmente através do viés farmacolégico
inibitério (LEVY; TOWERS; THORBURN, 2017; LIM; MURTHY, 2020).

1.4 HIPOTESE

A partir do imenso repertério de atividades biolégicas das chalconas e a
perspectiva de seu uso como droga anticancer descritos na literatura, tem-se a
hipétese de que a 4-nitrochalcona (4NC) apresenta atividade antitumoral no cancer
de mama. Para testar esta hipétese foram utilizados modelos in vitro e in vivo de
tumor mamario, a fim de determinar os mecanismos moleculares subjacentes a esta
acao. O presente estudo pré-clinico pode nortear pesquisas futuras na area e
estabelecer a 4NC como uma potencial alternativa na terapéutica do cancer de

mama.

2 OBJETIVOS

2.1.1 Objetivo geral

Avaliar a atividade antitumoral da 4NC em modelo in vitro (linhagens de

células mamarias) e em modelo singénico in vivo (carcinoma solido de Ehrlich) e

determinar os possiveis mecanismos de agao envolvidos, com énfase em vias

metabdlicas tumorais.
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2.1.2 Objetivos especificos

e Avaliar o efeito antiproliferativo da 4NC in vitro em células mamarias nao-
transformadas (HB4a) e transformadas (MCF-7 e MDA-MB-231);
e Investigar os possiveis mecanismos de agao antitumoral in vitro da 4NC na
linhagem MCF-7 em relagao a:
o Marcadores de estresse oxidativo: GSH, ROS e citotoxicidade diferencial
em relagado a presenca do transportador de efluxo MRP1;
o Marcadores de morte celular: expressdo génica de BAX, CASPASE 8,
VEGF, LC3B e Raptor e expressao proteica de LC3-Il, p53, p62, Beclina-1
e S6K1 total e fosforilado;
o Quantificagdo da sintese de proteinas nascentes em resposta ao
tratamento com a 4NC;
o Razado lactato/piruvato excretado no meio celular em resposta ao
tratamento com a 4NC;
o Expressédo génica da enzima PFKFB3 em resposta ao tratamento com a
4NC;
e Avaliar a DLso da 4NC frente ao teste de toxicidade aguda em camundongos;
e Avaliar o potencial antitumoral da 4NC no modelo tumoral de Ehrlich, a partir do
acompanhamento do volume e peso tumoral,
e Investigar os efeitos gerais da 4NC no organismo animal através de analises
hematolégicas e bioquimicas;
e Investigar os possiveis mecanismos de ag¢ao antitumoral in vivo da 4NC em
relagao a:
o Marcadores de estresse oxidativo tumoral e hepatico: SOD, Cat, GST,
GSH, LPO e ROS;
o Marcadores morfolégicos do tumor: analise histopatoldgica;
o Marcadores de morte celular: expressao génica de Bax, Caspase 8, Vegf
e Lc3b e expressao proteica de LC3-lI;
e Fazer um compilado da literatura sobre um marcador emergente de metabolismo

tumoral (PFKFB3) no contexto do cancer de mama.
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3.1 ABSTRACT

Breast cancer is a high-magnitude public health problem, continually
challenging physicians and scientists worldwide in the field of drug therapy. 4-
nitrochalcone (4NC) is a phenolic compound that has promising antitumor activity in
vitro, but its application in breast cancer treatment is still poorly explored. This study
aimed to evaluate the action of 4NC in in vitro and in vivo breast cancer models. The
cytotoxic potential of 4NC was tested towards MCF-7 and MDA-MD-231 breast
cancer cells, with a lower impact in the non-tumor lineage HB4a. For in vivo studies,
solid Ehrlich carcinoma (SEC) was used, a syngeneic mouse model with non-nuclear
estrogen and progesterone positivity, characterized by immunohistochemistry. Daily
oral administration of 4NC (25 mg kg™') for 21 days led to a consistent reduction in
tumor growth compared to the vehicle group. No signs of toxicity evaluated by
hematological, biochemical, histological, and oxidative stress parameters were
observed in mice, and the DLso was >2000 mg kg'. The molecular mechanisms
underlying the action of 4NC are related to transcriptional and post-transcriptional
attenuation of mTOR and autophagy pathway. The effectors Raptor and S6K1
showed decreased activation, with a consequent reduction in protein synthesis;
concomitantly, there was an increase in LC3-Il levels, but the autophagic response
was not completed, with the maintenance of p62 levels. These results open new
possibilities for the use of 4NC as a tumor cell metabolism modulating agent.

Keywords: 4-nitrochalcone; Breast cancer, Solid Ehrlich Carcinoma; MCF-7 cell;

mTOR pathway; Autophagy.

3.2 INTRODUCTION

Cancer is one of the greatest challenges to human longevity (TORRING,
2017). Despite advances in life expectancy in recent years, especially in developed
countries, cancer mortality is expressive and has decreased very slowly with
protective and curative measures (CAO et al.,, 2017). Breast cancer is the most
diagnosed type of cancer in the world and the leading cause of cancer death in the
female population (BRAY et al., 2018; WHO, 2021b). Intertumoral and intratumoral

heterogeneity is an important feature of breast cancer, which reflects differences in
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clinical manifestation and response to treatment (TURASHVILI; BROGI, 2017).
Various pharmacological therapies including chemotherapy, targeted therapy, and
endocrine therapy are available for the treatment of breast cancer at the systemic
level, but the unfeasibility of single therapy and acquired drug resistance is constantly
moving towards the need for new drugs and co-therapy protocols (DONG et al.,
2021; HARBECK et al., 2019).

Chalcones are privileged compounds in medicinal chemistry. These
molecules, natural or by synthetic origin, have an a,B-unsaturated ketone system,
also known as chalconoid (ZHUANG et al., 2017). Chalcones exhibit anti-
proliferative, chemopreventive, anti-inflammatory, anti-angiogenic, and antioxidant
properties that configure precious characteristics in anti-cancer therapy (DAS;
MANNA, 2016; GO; WU; LIU, 2005; OUYANG et al., 2021). Recently, the antitumor
activities of chalcones and their derivatives have been highlighted through the
modulation of the mTOR pathway (ABBAS et al., 2019; JIN et al., 2019; MATEEVA
et al., 2017; WANI et al., 2016). There is crescent interest in this pathway, which is
responsible for cancer cell growth by regulating anabolic metabolism, immune
response, cytoskeleton remodeling, therapy resistance, and tumor recurrence
(MAGAWAY; KIM; JACINTO, 2019; MOSSMANN; PARK; HALL, 2018). mTOR is a
vital fueling pathway for the Warburg effect and its modulation opens possibilities in
the vast field of tumor metabolic vulnerability (SUN et al., 2011). Moreover, mTOR
interfaces with cell growth and autophagy, promoting cancer persistence even under
nutrient deprivation (JUNG et al., 2010). Autophagy is also a powerful tool in favor of
the metabolic reprogramming process, as opposed to the mTOR pathway, but it is
complementary in terms of providing resilience and plasticity to tumor cells
(CHAVEZ-DOMINGUEZ et al., 2020).

Since chalcones are a large group of chemical compounds, the mechanisms
of action of many of them are not known, including 4NC. The present study
investigated the effect and the mechanism of action of 4NC in breast cancer tumor
using human breast cancer cells MCF-7, MDA-MB-231, and HB4a for the in vitro

experiments, and Ehrlich tumor cells (ETC) for the in vivo investigations on mice.

3.3 MATERIAL AND METHODS
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Chemicals and drugs. Bovine serum albumin (BSA), dimethylsulfoxide
(DMSO), ethylenediaminetetraacetic acid (EDTA), glutathione reductase, 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB), reduced glutathione (GSH), 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), nicotinamide adenine
dinucleotide phosphate hydrogen (NADPH), 4-Nitrochalcone (4NC, molecular weight:
253.257 g/mol), K2HPO*, KH2PO* RPMI1640, tris(hydroxymethyl)aminomethane,
sodium nitrite, and xylenol orange were acquired from Sigma-Aldrich (Missouri,
USA). Absolute ethanol, aluminum potassium, ascorbic acid, acetic acid, 1-Chloro-
2,4-dinitrobenzene (CDNB), citric acid, dibasic potassium phosphate, dibasic sodium
phosphate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), eosin, ferrous ammonium sulfate,
formaldehyde, hematoxylin, hydrogen peroxide, methanol, monobasic potassium
phosphate, potassium chloride, pyrogallol, sodium acetate, sodium chloride, sodium
phosphate, trichloroacetic acid, Triton X-100, Trypan blue, Tween 20, xylene were
purchased from Vetec (Rio de Janeiro, Brazil). Alanine transaminase (ALT), alkaline
phosphatase (AP), Aspartate (AST), and urea kits were acquired from Kovalent (Sdo
Paulo, Brazil). Chloromethyl-dichlorodihydrofluorescein diacetate (CM-H2DCFDA),
Hank's Balanced Salt Solution (HBSS), High Capacity cDNA Reverse Transcription
Kit, Pierce BCA Protein Assay Kit, primers, SYBR Green PCR Master Mix and TriZol
were purchased from ThermoFisher (Massachusetts, USA). The Bradford Protein
Assay was obtained from Bio-Rad Laboratories (California, USA). ketamine was
purchased from Vetnil Industry (Sdo Paulo, Brazil), xylazine was purchased from
Syntec (Sao Paulo, Brazil). Rapamycin was purchased from Selleck chemicals
(Texas, USA). Chloroquine sulfate was purchased from Sigma (Sigma-Aldrich,
Missouri, USA).

Cell culture. Immortalized human normal breast cell HB4a and human breast
cancer cells MCF-7 and MDA-MB-231 were kindly provided by Ludwig Institute for
cancer research (Sao Paulo, Brazil). Regarding breast cancer subtyping based on
estrogen receptor (ER), progesterone receptor (PR), and human epithelial receptor 2
(HERZ2) status, MCF-7 is considered luminal A subtype (ER+/PR+/HER2-) and MDA-
MB-231 a triple-negative subtype (ER-/PR-/HER2-) (DAl et al., 2017). The cells
were cultivated in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, and 1% L-glutamine and were kept in an incubator
with proper humidity (85-95%), temperature (37°C) and gas tension (5% CO2).
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Immortalized mouse epidermal fibroblasts WT12 and mouse mutant epidermal
fibroblasts KOT51 (mdr1 a-/-/b-/-/mrp1-/-) transfected with human MRP1 cDNA were
kindly provided by Academic Medical Center (Amsterdam, The Netherlands). Mouse
fibroblasts were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and
1% L-glutamine under the same conditions described above. Vehicle (Veh) and
treated groups received 0.1% of DMSO. All experiments were performed with cells

from passage 3 to 5.

Methyl Thiazolyl Tetrazolium (MTT) assay. Breast cells were plated in 96-
well plates (5,000 cells/well) and 24 h after exposed to Veh (0.1% DMSO) and 4NC
(5, 10, 15, 20, 25, 30 and 40 uM) for 24 h. Inside the intact cells, MTT was reduced to
a purple product, formazan, that was diluted in DMSO and then quantified in a
spectrophotometer at 570 nm (Synergy HT, Biotek, Vermont, USA). The cell viability
was represented as a percentage (%) in comparison with vehicle. Based on the
dose-response relationship, the half-maximal effective concentration (EC50) was
calculated using GraphPad Prism (v. 5.0). The Selectivity index (Sl) was calculated
adapting the formula described by INDRAYANTO; PUTRA; SUHUD (2021) SI =

ECso non_transformed cell lme/EC50 L ol Lime which values >3 were

considered as highly selective (WEERAPREEYAKUL et al., 2012).

Clonogenic assay. MDA-MB-231 and MCF-7 cells were plated in 6-well
plates (50 - 200 cells/well) and 24 h after were exposed to Veh (0,1% DMSO) or 4NC
(1 uM) for 24 h. The next day the medium was replaced with fresh medium and
sequentially replaced every 2 days for 14 days, when the colonies were stained with
Crystal violet and counted (FRANKEN et al., 2006).

Crystal violet staining. MCF-7 cells were plated in 24-well plates (50,000
cells/well) and 24 h after exposed to Veh (0.1% DMSO) or 4NC (5, 10, 15, 20, 25, 30
and 40 uM) for more 24 h. At the end of the treatment, the wells were washed with
PBS to remove detached and dead cells and the viable cells were stained with

crystal violet. The cells were lysed with SDS and the absorbance was quantified in a
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spectrophotometer (Synergy HT, Biotek, Vermont, USA) (FEOKTISTOVA;
GESERICK; LEVERKUS, 2016).

LDH assay. MCF-7 cells were plated in 96-well plates (5,000 cells/well) and
24 h after exposed to Veh (0.1% DMSO) or 4NC (5, 10, 15, 20, 25, 30 and 40 uM) for
4 h in HBSS medium. The supernatant was collected and mixed into a solution with
Tris-HCL and NADH. Triton X-100 (0.1%) was used as a positive control. LDH
activity was measured by adding sodium pyruvate, which leads to NADH oxidation
and decreasing in absorbance, quantified in CLARIOstar® (BMG LabTech, Cary,
USA) (KENDIG; TARLOFF, 2007).

Scavenging effect of 4NC in a cell-free system. The antioxidant property of
4NC on 2,2-diphenyl-1-picrylhydrazyl (DPPH) followed the method suggested by
BLOIS (1958) and CHEN; WU; CHEN (2004). Serial dilutions of 4NC (1, 3, 10, 30,
100, and 300 yg mL™") in distilled water with 0.1% Tween 20 (Veh) were performed
and added to react with DPPH in methanolic solution (10 yg mL"). Then, the
absorbance of the samples was evaluated at 517 nm in the UV spectrophotometer
(Synergy HT, Biotek, Vermont, USA) and compared with negative control (distilled
water with 0.1% Tween 20) and positive control (solution of 50 ug mL-" of ascorbic

acid).

WST-1 assay. The non-transformed cells WT12 and KOT51 were plated in
96-well plates (5,000 cells/well) and 24 h after exposed to Veh (0.1% DMSOQO) or 4NC
(5, 10, 15, 20, 25, 30 and 40 pM) for 24 h. Reactions were processed according to
manufacturer's protocol (CELLPRO-Roche, Mannheim, Germany).The colored
product was measured by spectrophotometer at 450 and 690 nm (Synergy HT,
Biotek, Vermont, USA) and the viability was represented as a percentage (%) in

comparison with vehicle.

GSH content in vitro. The levels of GSH were assessed in MCF-7, WT12,
and KOT51 cells. 0.5 x 108 cells were seeded in 6 wells plate and kept to adhere for
24 h. The next day, cells were incubated with vehicle (0.1% DMSO) or 4NC (40 pM)
for 4 h. Subsequently, the supernatant was discarded and cells were scrapped with a

10% perchloric acid solution and treated with a potassium phosphate solution (3 M)
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for subsequent freezing at -20°C. The content of GSH in the samples was measured
by the reduction of DTNB in TNB (5'-thio-2-nitrobenzoic acid), followed by the
addition of glutathione reductase (GR) in the system, according to Tietze enzyme
recycling assay (TIETZE, 1969). The absorbance of TNB was measured at 412 nm
on the CLARIOstar® Plus Multi-mode Microplate Reader (BMG LabTech, Cary,
USA).

ROS measurement in vitro. MCF-7 cells were seeded in 96-wells plates and
cultivated until reaching 70-80% confluence. Cells were washed with Hank's
Balanced Salt Solution (HBSS) without phenol red and were resuspended with a
fresh solution of HBSS containing 5 pM of chloromethyl-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA — ThermoFisher, Massachusetts, USA). The system was
allowed to react for 30 minutes, then the reagent was removed and Veh (0.1%
DMSO) or 4NC (5, 10, 15, 20, 25, 30 and 40 uM) were added to measure the
fluorescence within 1 hour at 488/20, 520/20 nm on CLARIOstar® (BMG LabTech,
Cary, USA). The oxidative activity was stimulated with a solution of 10 yM H202

(positive control) and the results blanked by unstained cells (autofluorescence).

Animals. The in vivo experiments were performed with female Swiss mice
(Mus musculus), between 8 and 12 weeks old, with approval of the Committee on
Ethics in the Use of Animals (CEUA/BIO — UFPR, n° 1063). Animals were housed in
a vivarium with controlled conditions (20+2°C and 12:12h dark/light cycle) and
randomly confined into plastic cages (n=7-9/group), with an enriched environment.
Animals had free access to water and conventional laboratory feed (Nuvilab, Nuvital
S.A., Colombo — PR, Brazil).

Acute oral toxicity test. The chemical properties of 4NC
(https://pubchem.ncbi.nim.nih.gov/compound/4-Nitrochalcone#section=Computed-
Properties) were evaluated by Lipinski’s rule of five (LIPINSKI et al., 2001). The 4NC
was considered a potential oral drug and followed the acute oral toxicity testing
(OECD, 2001). The initial dose started at 5 mg kg and increased to 50, 300, and
2,000 mg kg™ of 4NC. For this purpose, 12 female mice were used, being three
animals for each dose. Prior to the experiment, the animals were fasted for 3-4 h and

kept fasting for more than 2 hours after the administration of 4NC. The animals were
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observed individually during the first 4 hours and afterward daily for 14 days. The
observations included changes in behavior pattern and physical conditions. Whether
necessary, animals in pain or sick could be euthanized. Individual animal data were
provided and weights were determined every two days. On day 15, animals were
anesthetized (ketamine hydrochloride 80 mg kg™' and xylazine 10 mg kg™') and killed
according to welfare rules. The animals were subjected to necropsy and samples of
lung, liver, kidney, and brain were collected for routine histological processing and

microscopic analysis.

4NC biological activity in vivo — Ehrlich carcinoma model in mice. ETC
are a hyperdiploid breast cancer cell line characterized as ER+ (OZCAN ARICAN;
OZALPAN, 2007; ZOHNY; KHALIL; EL-SHISHTAWY, 2019) and with non-
progesterone responsive growth (PAVELIC et al., 1983). At first, aliquots of ETC
were subcultivated into the peritoneal cavity (2 x10° cells/mouse) to form the Ehrlich
Ascites Carcinoma (EAC) and weekly transplanted to new mice (n=2), a process
knew as passages. Amongst each passage, the viability of the cells was assessed by
the Trypan blue exclusion assay. When the viability of EAC was higher than 98%,
usually after 3 or 4 passages, it was possible to induce SEC by inoculation of 2 x108
cells into the subcutaneous area of the right pelvic limb of the mouse. Cells were
inoculated on day 0 and treatment started on day 1, lasting until day 21. A vehicle
solution (distilled water and 0.1% Tween 20) was used to prepare all the treatments.
Four experimental groups were selected: Naive group (no tumor) and the negative
control group (Vehicle), both treated with vehicle solution (10 mL kg'); the 4NC
group, treated with 25 mg kg’ of 4NC; in all these groups the treatments were
administered by daily oral gavage (p.o.); and the positive control group (MTX),
treated by intraperitoneal injection (i.p.) with 2.5 mg kg™ of the cytotoxic drug
methotrexate (ABDEL-RAHMAN; KABEL, 2012) on days 1, 5, 9, 13, 17 and 21. The
animals were monitored for body weight throughout the experiment and for tumor
size from day 7, measured with a caliper, every 2 days. The estimation of tumor
volume was performed with the formula: V(cm3) = L x W?x 0.52 (MISHRA et al.,
2018), where L and W denote the largest and smallest diameter of tumor,
respectively. Following the last day of treatment, the animals fasted for 12 — 16 h and
were anesthetized with 80 mg kg™! ketamine hydrochloride and 10 mg kg xylazine

i.p. Blood samples were collected from inferior cava vein just before the euthanasia
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by diaphragm perforation, under anesthesia. Tumor and organs were harvested,

weighted and prepared for subsequent analysis.

Histopathology and immunohistochemistry. Fragments of tumor and
organs (liver, kidneys, and lung) collected from mice were processed according to
histological routine techniques: fixation in 10% buffered formaldehyde, dehydration in
ethanol, clearing in xylene, embedding in paraffin, sectioning, and staining with
hematoxylin and eosin (H&E), followed by blind optical microscopy analysis. The
histological architecture of each tissue was examined (normal/distorted) and other
important parameters such as degeneration and cell death, inflammatory infiltration,
vacuolation, and fibrosis were evaluated. The intensity of the histopathological
findings were specified as negative (-), mild (+), moderate (++), or intense (+++), and
the SEC lesions were classified from grade 0 to grade IV concerning the percentage
of tissue affected: 0 (< 5%), | (5 - 25%), Il (26 - 50%), 11l (51 - 75%) and IV (> 75%)
(ALVES DE SOUZA et al., 2017). Additional tumor sections were selected for
immunohistochemical detection of ER-alpha (ERa) and PR. The primary antibodies
Dako ERa clone EP1 (Agilent Diagnostics, California, USA) and Dako PR clone PgR
636 (Agilents Diagnostics, Santa Clara, CA, USA) were used in the automated
platform Dako Autostainer 48S (Agilent Diagnostics, California, USA).

Hematological and biochemical parameters. Hematocrit, hemoglobin
concentration and leukocyte distribution analysis were performed by the automatic
hematology analyzer BC2800-Vet (Mindray, Shenzhen, China). The plasma samples
were tested by clinical chemistry analyzer BS-200 (Mindray, Shenzhen, China) for
the determination of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (AP), albumin, globulin, total protein, creatinine, and

urea.

In vivo oxidative stress status. Samples of liver and tumor were
homogenized in potassium phosphate buffer (0,1M, pH 6.5) and the resulting
homogenate was used to evaluate reduced glutathione (GSH) by 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB) technique (SEDLAK; LINDSAY, 1968). The supernatant
(centrifuged at 21,000 x g for 20 min, 4°C) was used to measure: catalase (Cat)

activity, which is based on the consumption of exogenous hydrogen peroxide (H202)
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as a substrate (AEBI, 1984); superoxide dismutase (SOD) activity, by
pyrogallol (1,2,3-trihydroxybenzene) autoxidation method (GAO et al., 1998),
glutathione-S-transferase (GST) activity by the conjugation of 1-cloro-2,4-
nitrobenzeno (CDNB) with GSH, as described by HABIG; PABST; JAKOBY (1974)
and lipid peroxidation (LPO) rate by FOX test (Ferrous Oxidation - Xylenol Orange
Method), proposed by JIANG; WOOLLARD; WOLFF (1991). Protein levels were
assessed by Bradford method (BRADFORD, 1976).

Gene expression in cells and solid tumor. Total RNA was isolated from
breast cancer cells (6-wells plates with confluent MCF-7 cells treated for 24 h with 18
MM of 4NC) and fresh SEC fragments. In both cases, TRIzol reagent (Sigma-Aldrich,
Missouri, USA) was used, as specified by the manufacturer's instructions. RNA
integrity was assessed by electrophoresis in agarose gel and the RNA quantification
was performed with  Nanodrop-2000 spectrophotometer (ThermoFisher,
Massachusetts, USA). cDNA synthesis was implemented from 2,000 ng RNA
using High-Capacity cDNA Reverse Transcription Kit (ThermoFisher, Massachusetts,
USA) and the enzymatic amplification of DNA was performed using the StepOnePlus
Real-Time PCR System with 1x SYBER Green PCR Master Mix Kit (ThermoFisher,
Massachusetts, USA). The 222CT method was used to quantify the relative changes
in gene expression (LIVAK; SCHMITTGEN, 2001), normalized with HPRT and Rplp0
as endogenous reference genes. The targeted genes and the sequence of primers

can be found in Supplementary Table S1.

Quantification of vascular endothelial growth factor (VEGF) secretion.
MCF-7 cells were plated in 24-well plates (200,000 cells/well) and after attachment
for 24 h, exposed to Veh (0.1% DMSO) or 4NC (18 uM) during 24 h. The supernatant
was collected and stored at -80 °C until further analysis with the Human VEGF
DuoSet® ELISA kit (R&D Systems, Minnesota, USA). The procedures were done
according to the manufacturer's specifications and the ELISA readings were
performed on a spectrophotometer at 450/570 nm (Synergy HT, Biotek, Vermont,
USA).

Immunoblotting of cells and solid tumor. Confluent breast cancer cells
seeded in 6-wells plates were treated during 3 - 24 h with vehicle (0.1% DMSO), 4NC
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(18 pM), and positive controls. The following positive controls were selected:
chloroquine (100 uM) and rapamycin (50 nM) for autophagy and mTOR pathways,
respectively. SEC fragments were kept at -80°C until the homogenization process.
The proteins of all samples were extracted with RIPA buffer (NaCl 150 mM, nonidet
P-40 1%, SDS 0.1%, and Tris-HCI pH 8.0), containing cOmplete™ Protease Inhibitor
Cocktail (Hoffmann—-La Roche, Basel, Switzerland). The protein content was
measured by Pierce™ BCA Protein Assay Kit (ThermoFischer, Massachusetts,
USA). Approximately 40 ug of protein of each sample was diluted in Laemmli sample
buffer 4X (200 mM Tris-HCI pH 6.8, 50% glycerol, 10% SDS, 0.02% bromophenol
blue, and 5% p-mercaptoethanol) prior the loading in 10-15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were
transferred by wet and semidry blotting to polyvinylidine difluoride (PVDF)
membranes and the resultant blots were blocked overnight with 5% non-fat dry milk.
The membranes were probed with primary antibodies for 2 h in the following
dilutions: Anti-LC3B (L7543) - (1:500 — Sigma-Aldrich, Missouri, USA), Beclin-1
(1:1000 — Abcam), p62 (1:1000 - BD Biosciences, New Jersey, USA), S6K1 (1:1000 -
Cell Signaling Technology, Massachusetts, USA), Phospho-S6K1 (Thr389) - (1:1000
- Cell Signaling Technology, Massachusetts, USA), GAPDH (1:1000 - Cell Signaling
Technology, Massachusetts, USA), Anti-p53 (DO-1) — (1:1000 - Santa Cruz
Biotechnologies, Texas, USA), Actin ACTNO5 (C4) — (1:1000 — ThermoFischer,
Massachusetts, USA) at room temperature and then probed with a peroxidase-
conjugated secondary antibody (1:5000 — Bio-rad, California, USA) for 1 h. The
chemiluminescent signal was detected in ImageQuant LAS 4000 (GE Healthcare,
Chicago, IL) or X-ray film, using ECL reagent (100 mM Tris-HCI pH 8.5, 1.25 mM
luminol, and 0.2 mM p-coumarin) and H202. The resultant bands were analyzed
using the Image Studio Lite Western Blot Analysis Software (LI-COR Biosciences,
Nebraska, USA).

Click-chemistry reaction for newly synthesized protein. The MCF-7 cells
were seeded in 12-wells plates until reaching 70-80% confluence and submitted to
the protocol described by Meijer et al. (2021), with some minor adaptions. The
treatment group was Co-incubated with AHA (1mM) and 4NC (18 uM) for 4 hours.
Methionine + dye AF488 was used as a negative control. The fluorescence detection

has done using the flow cytometer LSR Fortessa (BD Biosciences, New Jersey,
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USA) and the analysis performed with the FlowJo 8.0 software (BD Biosciences, New
Jersey, USA).

Determination of lactate-to-pyruvate ratio. To assess whether 4NC could
alter the tumor metabolism, MCF-7 cells (5,000 cells/well) were seeded in 96-wells
plate and 24 h after being exposed to Veh (0.1% DMSOQO) or 4NC (10, 20 and 40 uM)
for 4 h. The medium was collected and processed according to GUTMANN;
WAHLEFELD (1974) and CZOK; LAMPRECHT (1974) to measure lactate and
pyruvate respectively. The resultant absorbance was measured at 340 nm in a
spectrophotometer (Synergy HT, Biotek, Vermont, USA).

Statistics. The results are provided as mean + standard error of mean (SEM).
The statistical evaluation was performed using GraphPad Prism (v. 5.0), with p <
0.05. The comparisons between 2 groups were performed with Student’s t test; for
multiple comparisons one or two-way ANOVA with Newman Keuls test or Bonferroni

post hoc were used, respectively.

3.4 RESULTS

4NC induces cytotoxicity in cells. The three breast cell lines exhibited some
degree of sensitivity to 4NC. Based in MTT assay, for the MCF-7 cells, the effects of
4NC in viability could be observed from 10 uM, whereas for MDA-MB-231 cells the
effects started from 15 yM. For the non-tumor cell line HB4a the cytotoxicity started
only from 20 uM of 4NC (Fig. 1A). The ECsowas 14.97 pM, 21.71 pM, and 54.99 M,
respectively for the three cell lines. In parallel, the ability of cells to generate a
progeny was reduced in MDA-MB-231 and MCF-7 cells treated with 4NC (Fig. 1B). A
promising Sl (3.68) was reached for MCF-7 cells; for MDA-MB-231 cells the S| was
lower (2.53) than the proposed minimum threshold of 3. Therefore, the MCF-7 cell
line was selected for further studies in vitro. Additional cell viability assays showed
that in MCF-7 cells, treatment with 4NC led to a decrease in the number of adherent
cells in treatments from 15 yM 4NC (Fig. 1C), measured by violet crystal; while the
loss of membrane integrity, measured by LDH, was significantly increased only in

cells treated with concentrations higher than 40 uM 4NC for 4 hours (Fig. 1D).
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FIGURE 1. 4NC CYTOTOXICITY AGAINST HUMAN BREAST CELL LINES
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LEGEND: Cell viability was measured by MTT assay in MDA-MB-231, MCF-7, and HB4a cells (A)
Clonogenic assay in MDA-MB-231 and MCF-7 cells (B), Crystal violet staining (C), and LDH assay
(D), both last in MCF-7 cells. A range of 4NC from 0 (Veh) to 40 uM was used to treat cells during 24 h
in A, C, and D; 1 uM of 4NC was used in B. The data are expressed as mean + SEM (n=3-4). The
statistical analyses were performed using one-way ANOVA followed by the post hoc Newman Keuls or
Student t-test. * Significant difference compared with Veh group (one, two, and three symbols refer to
p <0.05, p<0.01, and p < 0.001, respectively).

4NC effects in vitro are not related to oxidative stress. 4NC showed
negligible antioxidant properties against DPPH reagent, at least directly (Figure 2A).
In a cell system, 4NC did not change the GSH and ROS levels in MCF-7 cells, even
when exposed to a high concentration (40 uM 4NC), as showed in Figure 2 (B) e (C).

Differential cytotoxicity of 4NC related with efflux transporter. To assess
the interaction of 4NC with efflux transporters and its participation as a substrate for
these transporters, fibroblasts without efflux transporters (WT12) and fibroblasts
expressing MRP1 (KOT51) were treated with 4NC and evaluated for cytotoxicity and
GSH cell concentration, a known substrate for this transporter. At the highest
concentration of 4NC, 30% and 37% viability was lost in WST12 and KOT51 cells,
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respectively (Fig. 2D). GSH cell concentration did not change significantly after the
4NC treatment (Fig. 2E). The GSH decrease may be associated with the cell loss
rather than with 4NC-associated GSH efflux.

FIGURE 2. ANTIOXIDANT AND PROOXIDANT PROPERTIES OF 4NC
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LEGEND: Antioxidant attribute of 4NC through DPPH assay (A). GSH concentration (B) and ROS
accumulation in MCF-7 cells under 4NC treatments (40 uM) (C). Fibroblast in the absence (WT12) or
presence (KOT51) of MRP1 were treated for 24 h with 4NC (5 — 40 uM). (D) Viability analysis via
WST-1 assay (E) GSH concentration inside the fibroblasts under the treatment with Veh and 4NC (40
pMM). The data are expressed as mean + SEM (n=3-4). The statistical analyses were performed using
one-way ANOVA followed by the post hoc Newman Keuls or Student t-test. *Significant difference
compared with Veh group (one, two, and three symbols refer to p < 0.05, p < 0.01, and p < 0.001,

respectively). AA = 50 ug.mL-" ascorbic acid (positive control); H202= 10 uM (positive control).

4NC is non-toxic via oral administration. No changes in behavior or
physical condition were observed after the administration of 5, 50, and 300 mg kg™' of
4NC. The group treated with 2,000 mg kg' had moderate yellowish diarrhea after 3
hours the onset of the test, however, this reaction was transitory and animals were
alert, exhibiting normal appetite. Mortality was not present in any dosed animals,

consequently, the GHS (Globally Harmonized Classification System) for 4ANC was



41

Category 5 (> 2,000 — 5,000 mg kg™ b.w.) and the median lethal dose (DLso) higher
than 2,000 mg kg'. Normal parameters were obtained on histological evaluation of

all groups tested, as showed in the livers in Supplementary Fig. 1.

4NC impairs tumor growth. The treatment with 4NC reduced the
development of SEC tumors. The dose of 25 mg kg™' of 4NC significantly diminished
the tumor volume by 44% from day 17, compared with vehicle group, and up to 58%
on day 21. The MTX group, as expected, had a stronger effect on tumor growth,
showing suppression of 58% from day 13 and 69% on day 21 (Fig. 3A). Similarly,
both treatments were able to decrease tumor weight by 49% and 60% for 4NC and

MTX, respectively, in comparison to vehicle (Fig. 3B).

SEC and organs microscopic evaluation. The SEC is characterized by
polygonal cells highly pleomorphic and anaplastic, typical of undifferentiated
carcinoma. In this experiment, necrosis was the predominant finding in all samples
evaluated, but it was more prominent in the vehicle and MTX groups (grade 1V),
whilst for 4NC group the grade Il was described (Fig. 3C, D and E). There were no
differences between the pattern of inflammation: always peripheral, mild, and with
polymorphonuclear cells. Histopathological analysis of liver, kidneys, and lung
revealed normal cellularity and architecture in all groups (data not shown). The
immunohistochemical examination confirmed the presence of hormonal receptors
ERa and PR in all groups with SEC (Veh, MTX and 4NC treatments); however,
surprisingly, the staining was restricted to the cytoplasmic membrane and cytoplasm
(Fig. 3F and G), with no nuclear reactivity. Both ERa and PR stainings were

coincident and predominantly with focal distribution.
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FIGURE 3. MACROSCOPIC AND MICROSCOPIC CHARACTERISTICS OF TUMORS
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LEGEND: Mice were treated for 21 days with vehicle (0.1% Tween, p.o.), MTX (2.5 mg kg, i.p.), and
4NC (25 mg kg™, p.o.). 4NC reduces the tumor rise and weight as seen in (A) and (B). Representative
histology from mice treated with vehicle (C), MTX (D), and 4NC (E) during 21 days. The amorphous-
looking pink regions represent areas of necrotic tumor cells, more extensive in vehicle (C) and MTX
(D) groups. Representative examples of ER-a (F) and PR (G) membrane staining in SEC (bottom
right: details of staining cells). The data are expressed as mean + SEM (n = 3-9/ group). The statistical
analyses were performed using two-way ANOVA followed by Bonferroni’s post hoc test (A) and one-
way ANOVA followed by Newman Keuls post hoc test (B). * Significant difference compared with Veh
group (one, two, and three symbols refer to p < 0.05, p < 0.01, and p < 0.001, respectively).
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Biochemical parameters were altered in tumor-bearing groups. There
were no differences in the hematological parameters, whereas biochemical
parameters were strongly altered in tumor-bearing groups. AST, creatinine, and urea
levels increased in tumor-bearing groups compared with a naive group. ALT levels
were increased in the vehicle group versus naive group and decreased in the MTX
group, compared with vehicle group. AP levels decreased in tumor-bearing groups
compared with naive group. Total protein levels increased in MTX group compared
with all other groups, the globulin followed the same pattern. However, 4NC did not
induce alterations itself, since the alterations observed in this group (Table 1) are

related to the tumor presence instead of the 4NC treatment.

TABLE 1. HEMATOLOGICAL AND BIOCHEMICAL PARAMETERS IN EXPERIMENTAL GROUPS
TREATED FOR 21 DAYS WITH VEHICLE (NAIVE -NO TUMOR-, AND VEHICLE -WITH TUMOR-,
p.o.), MTX (2.5 mg kg, i.p.), AND 4NC (25 mg kg™'), p.o.)

EXPERIMENTAL GROUPS

PARAMETER -

Naive Veh MTX 4NC
ALT (U L") 30.31+£3.47 84.04£29.48™ 42.95+12.31# 64.73+25.07
AST (U L") 75.72+4 .51 370.01+67.23™ 289.79+68.55™ 287.02+72.49™
AP (U L") 75.35+8.29 51.81+7.25" 48.86+8.78™ 57.3+11.12"
Glucose 91.47+£34.13 114.33+42.55 142.89+51.69 109.61+38.62
(mg dL-")
Total protein  4.57+0.14 4.32+0.64 5.97+0.21"" ### bbb 4.01+0.30
(g dL)
Albumin 1.66+0.12 1.99+0.34 2.58+1.13 1.73+0.25
(gdL")
Globulin 2.9140.12 2.37+0.77 3.9740.29" ###,bbb 2.28+0.20
(gdL")
Creatinine 0.25+0.09 0.51£0.09™ 0.49+0.05™ 0.52+0.03™
(mg dL-")
Urea 40.62+4.93 54.31+8.19” 54.31+6.13" 54.8+3.52™
(mg dL-")
Hematocrit 40.67+1.60 39.98+1.64 40.06+1.39 39.47+2.51
(%)
Hemoglobin 12.5810.42 12.14+0.38 12.15+0.43 12.0710.56
(gdL7)
White blood 4.77+1.19 5.22+0.64 6.65+1.66 6.14+2.22
cells
(x10® pL")
Lymphocytes 3.27+0.99 3.83+0.69 4.47+1.61 3.94+1.3
(x10® L")
Monocytes 0.24+0.09 0.25+0.07 0.38+0.12 0.42+0.24
(x10® L")
Granulocytes 1.25+0.39 1.14+0.36 1.8+0.68 1.78+0.86
(x10® L")

LEGEND: The data are expressed as mean + SEM (n=7-9/group). The statistical analyses were
performed using one-way ANOVA followed by Newman Keuls post hoc test. *, # b Significant

difference compared with naive, vehicle and 4NC groups, respectively (one, two, and three symbols
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refer to p < 0.05, p < 0.01, and p < 0.001, respectively). ALT alanine aminotransferase, AST aspartate

aminotransferase, and AP alkaline phosphatase

4NC does not alter oxidative stress in SEC. The analysis of oxidative stress
parameters in tumor and hepatic tissues revealed no changes by the 4NC treatment.
Slight changes were present only in the positive control group MTX: there was an
increase in SOD activity in the liver (187%) and a decrease in the tumor tissue (-
32.18%), as showed in Table 2.

TABLE 2. OXIDATIVE STRESS PARAMETERS IN MICE TISSUES IN EXPERIMENTAL GROUPS
TREATED FOR 21 DAYS WITH VEHICLE (p.0.), MTX (2.5 mg kg™, i.p.), AND 4NC (25 mg kg, p.0.)

EXPERIMENTAL GROUPS

PARAMETER Veh MTX 4NC
GSH tumor 83.92+32.48 90.26+53.11 78.37+28.01
(ug g tissue-")
GSH liver 1027.51£123.06 888.90+163.87  874.78+190.58
(ug g tissue-")
GST tumor 4.012+0.96 3.64+0.81 2.66+0.73
(mmol min mg protein")
GST liver 9.39+0.86 8.33+0.48 10.54+0.74
(mmol min mg protein")
LPO tumor 9.07+1.3 10.05+£3.44 8.04+2.46

[hydroperoxides]

(nmol mg protein-')

LPO liver 34.77+£3.59 28.94+3.63 28.48+2.00
[hydroperoxides]

(nmol mg protein-')

SOD tumor 229.26+42.04 155.50+33.25™  183.32+26.36
(U mg protein)

SOD liver 242.72+11.51 454.08+84.50™  219.79+27.00
(U mg protein")

Cat tumor 10.39+2.24 10.78+3.41 11.06+1.01
(nmol min mg protein-")

Cat liver 464.48+130.34  493.15+83.18 437.81£101.77

(nmol min mg protein-')
LEGEND: GSH (reduced glutathione), GST (glutathione-S-transferase), SOD (superoxide dismutase),

LPO (lipid peroxidation) and Cat (catalase). *** Significant difference compared with vehicle group (p <

0.001). The data are expressed as mean + SEM (n= 6-11/group) and were analyzed by one-way

ANOVA followed by Newman Keuls post hoc test.

The gene and protein profile after 4NC treatment in vitro and in vivo. The
4NC treatment leads to cell death by mechanisms that are not yet fully understood.
To investigate the action of 4NC, genes related to apoptosis (Caspase 8 and Bax),
necrosis (VEGF), and autophagy (LC3B) were evaluated. The response of
CASP8/Casp8 and BAX/Bax genes was variable (Fig. 3A, B) and does not indicate
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activation of the apoptotic cell death pathway at the gene level; a fact that is
confirmed by tumor histology, which showed that apoptosis is an incidental finding,
associated only with transition areas between viable cells and necrotic areas (Fig.

2E). Furthermore, the protein levels of the tumor suppressor p53, an important
regulator of apoptosis, did not change significantly in vitro (Supplementary Fig. S2A).

The gene VEGF, related to hypoxia-induced death, showed a sharp increase, though
not statistically significant (Fig. 4A, B). To check this data, a VEGF secretion
measurement was performed in MCF-7 cells (Fig. 4C). A reduction of about 30% in
the amount of VEGF secreted by cells was observed in vitro, which is in agreement
with the in vivo histological analysis, in which cell necrosis was not an important
finding in the tumors treated with 4NC (Fig. 3E). In MCF-7 cells, the treatment with
4NC caused more than 10-fold increase in the gene expression of LC3B (Fig. 4A), a
gene related to the autophagy pathway. Similarly, an increase of 3-fold was also
observed in the expression of Lc3b in SEC (Fig. 4B). Furthermore, at the protein
level, there was a LC3B-Il increase of 1.7-fold in comparison with Veh-treated group,
both in vivo (Fig. 4E) and in vitro (Fig. 4D), confirming the major presence of
autophagosomes. A preliminary experiment with short-term treatment (4 h) did not

alter the LC3-Il levels (Supplementary Fig. S2B).
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FIGURE 4. 4NC-RELATED DEATH PATHWAYS IN BREAST CANCER
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LEGEND: Gene expression in MCF-7 (A) and SEC (B). Quantitative real-time PCR was performed for
the indicated genes using the endogenous reference gene HPRT and Rplp0. (C) Levels of VEGF in
supernatants of MCF-7 cells treated with 4NC during 24 h. Representative image of LC3B-II
expression in vitro (D). MCF-7 cells were stimulated for long-term (24 h) treatment with vehicle,
chloroquine (CQ 100 uM), 4NC (18 uM), and chloroquine plus 4NC to determine LC3B-II levels. LC3-II
expression in vivo (E). Mice were treated for 21 days with vehicle (p.o.) and 4NC (25 mg kg, p.o.).
The data are expressed as mean + SEM (n=3-5). The statistical analyses were performed using one-
way ANOVA followed by the post hoc Newman Keuls or Student t-test. * Significant difference
compared with vehicle group (one, two, and three symbols refer to p < 0.05, p < 0.01, and p < 0.001,

respectively).

4NC act as a regulator of cancer cell metabolism. To confirm the activation of the
autophagic pathway, additional autophagy-related markers were evaluated: p62 and
Beclin-1. The 4NC treatment caused a slight accumulation of 14% on p62 in MCF-7
cells, higher than that found in the treatment with CQ, but lower than that observed
with the association of 4ANC+CQ (28%) (Fig. 5A). Beclin-1 levels remained stable
(Fig. 5A). The autophagy upstream gene RAPTOR was downregulated by about 75%
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(Fig. 5B), along with the protein levels of S6K1, a direct RAPTOR substrate. A
reduction of about 30% in the phospho-S6K1/S6K1 ratio was observed (Fig. 5C).
Considering the major goals of the mTOR pathway, which are the fine balance of
metabolism and protein synthesis to promote cell growth, the effect of 4NC on these
two aspects was finally evaluated. There was a reduction of approximately 20% in
protein synthesis with only 4h of treatment with 4NC (Fig. 5D), and there was also a
positive change in the metabolic profile concerning the lactate/pyruvate ratio (Fig.
5E). Considering that some chalcones regulate glycolysis by blocking the enzyme
PFKFB3 (KOTOWSKI et al., 2021), the expression of this enzyme was tested in vitro.
However, there was no change in its gene expression in MCF-7 cells (Supplementary
Fig. S3).

FIGURE 5. 4NC MODULATION ON THE mTORC1 PATHWAY
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LEGEND: Representative western blot of p62 and beclin-1, regarding autophagy pathway in MCF-7
cells stimulated for long-term (24 h) treatment with vehicle, chloroquine (100 yM), 4NC (18 uM), and
chloroquine plus 4NC (A). MCF-7 cells were stimulated for long-term (24 h) treatment with Veh and 18
MM of 4NC to analyse the gene expression of RAPTOR (B). MCF-7 cells were stimulated for short-
term (4 h) treatment with vehicle, rapamycin (50 nM), and 4NC (18 uM) to analyse phospho-S6K1/total
S6K1 protein (C). (D) MCF-7 cells were labeled with AHA and treated with vehicle or 4NC (18 pM)
treatment for 4 h to assess the nascent protein levels. (E) MCF-7 cells were treated with Veh or 4NC
(18 uM) treatment for 4 h to determine the lactate/pyruvate ratio. The data are expressed as mean *
SEM (n=3-4). The statistical analyses were performed using one-way ANOVA followed by the post
hoc Newman Keuls or Student t-test. * Significant difference compared with vehicle group (one, two,

and three symbols refer to p < 0.05, p < 0.01, and p < 0.001, respectively).

3.5 DISCUSSION

4NC exhibited potential antiproliferative and antimetabolic effects in vitro and
in vivo in breast tumor models. The cell viability was reduced in a concentration-
dependent way, with higher susceptibility of breast cancer cells, especially the
luminal cell line MCF-7, than HB4a non-transformed cells. According to the viability
assays performed, the impact of 4NC on cells seems to be associated with
alterations in the intracellular machinery rather than a direct cytotoxic injury. Cell
disruption, indirectly assessed by the LDH assay, was only significant from higher
concentrations of 4NC (240 uM), while the ability to generate viable progeny cells
was disturbed with 40-times lower concentration. 4NC has already been shown to
reduce the viability in several in vitro models when used as a free drug and
encapsulated in nanoparticles (CARPIO AREVALO et al., 2019; CORDEIRO et al.,
2021; DIMMOCK et al., 2002; DOS SANTOS et al., 2020; VIA et al., 2009). The use
of 4NC as an isolated agent or combined with other drugs and cancer therapies in
some in vitro studies showed promising results in cancer therapy, corroborating our
data.

The intrinsic reactivity of chalcones may have a dual nature: antioxidant and
pro-oxidant (DIAZ-TIELAS et al., 2016). Regarding the first characteristic, shared by
several members of this group (CHEN et al., 2017; CHU; GUO, 2016; MONISHA et
al.,, 2018), 4NC had poor activities in scavenging the free radical of the DPPH
molecule. Despite conferring cytotoxic advantages to chalcones, the presence of the
substituent NO2 impairs the antioxidant abilities (LEE et al., 2020; SAITO et al.,
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2021). Regarding the pro-oxidant feature, even with a high concentration of 4NC (40
MM) no change in the oxidative status was observed, both in vitro and in vivo. The
interval of observation (1 — 4 h) for in vitro experiments does not exclude that this
change occurs later, as observed by SUN et al (2010) with the metoxychalcone
WJ9708011. An additional oxidative stress sensitization mechanism described for
flavonoids and chalcones is the GSH depletion via MRP/ABCC transports, due to
increase in the affinity of MRP1 to GSH and efflux of glutathione-adducts mediated
by MRP1 (KACHADOURIAN; DAY, 2006; LESLIE; DEELEY; COLE, 2003;
SABZEVARI et al., 2004). Treatment with 4NC in control and MRP1 transfected
fibroblasts did not lead to selective cytotoxicity or a significant increase in GSH
uptake by MRP1. Thus, the 4NC ability to deplete GSH seems to be irrelevant in the
experimental models used in this study. At the same time, 4NC does not appear to
be a substrate of MRP1 and, by inference, expression of MRP1 does not confer
resistance to treatment with 4NC, by cotransport with GSH.

Treatment of SEC with 4NC prevented full tumor development, similarly to the
standard cytotoxic drug used in this study (MTX), in comparison with the vehicle
group. According to Eby, Tabatabai & Bursac (2010), the tumor growth rate
increases with tumor size, becoming more prominent as time passes. Interestingly,
treatment with MTX and 4NC delay this maximum tumor growth and tumor weight,
leading to a longer period with a slower rate of growth. Our study demonstrated for
the first time that there is cytoplasmic and membranous positivity for ERa and PR in
SEC, however, such immunostaining pattern is considered as non-specific for the
molecular classification of breast cancer subtypes (WELSH et al., 2012). Smart, Alejo
& Frasor (2020) also detected ER immunostaining in the cytoplasm of a variety of
murine breast cancer cell lines, with functional induction of resistance to oxidative
damage, apoptosis, and cell death. It is suggested that ER cytoplasmic localization
and estrogen independence may be signs of murine breast cancer progression
(SMART; ALEJO; FRASOR, 2020; TORRES-ARZAYUS et al., 2010). Thus, the SEC
could be used as model of an endocrine therapy-resistant human breast cancer, but
further studies are needed to fully characterize these aspects.

Apoptosis is one of the most reported death mechanisms related to treatment
with chalcones in breast cancer (BORTOLOTTO et al., 2016; DOS SANTOS et al.,
2020; MOHAMED; IBRAHIM; EL-MANAWATY, 2021). CARPIO AREVALO et al.

(2019) described morphological findings reminiscent of apoptosis in HelLa cervical
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tumor cells treated with 4NC as well. A nitro-chalcone derivative synthesized by
Khairul et al. (2021), in addition to morphological findings suggestive of apoptosis in
MCEF-7 cells, also caused potential autophagy and necrosis after 72 h of treatment. In
our study, gene expression analysis did not show indications of apoptosis and
necrosis, both in vitro and in vivo, as reinforced by in vivo histological findings.
Unexpectedly there was an increase in the gene and protein expression of the
autophagosome marker LC3-Il for both cases. Increased LC3-Il levels reflect an
increase in the number of autophagosomes, which are induced by nutritional
deprivation, but may also be increased due to the impaired degradation of these
autophagosomes (YOSHII; MIZUSHIMA, 2017). The maintenance of levels of p62
assessed in vitro has discarded the occurrence of autophagy, which was confirmed
by the normal levels of Beclin-1 (PANKIV et al., 2007). A similar finding was
described by Singha et al. (2013), in which the abundance of p62 and LC3-Il
observed after treatment of triple-negative breast cancer cells with Manumycin A was
interpreted as a sign of inhibition of autophagy.

The mTOR pathway is an important negative regulator of the initiation and
maturation of autophagy (LAMPADA et al., 2017). Our study revealed that 4NC has
an inhibitory effect on the mTORC1 pathway; however, the inhibition of the mTOR
pathway was not enough for autophagy to occur in MCF-7 cells treated with 4NC.
Furthermore, the rise in LC3-II levels is not exclusive of autophagy (KAR et al., 2009;
LEE et al., 2015; SINGHA et al., 2013). 4NC, in addition to increasing the process
from LC3-l to LC3-Il, promoted the increase in LC3B expression, a finding that is not
typical of autophagic activation in response to starvation and also occurs in non-
apoptotic and non-autophagic cell death (KAR et al., 2009).

The relation between chalcones and the mTOR pathway has been previously
reported. Synthetic chalcones have already been described as mTOR modulators
(MATEEVA et al., 2017). Such chalcones reduced the viability of breast cancer cells
due to the blockade of the mTOR pathway, with advantages over flavonoids, due to
their more flexible chemical structure that favors their binding to mTOR. Moreover,
the mTOR signaling is often over-activated in cancer, including breast cancer, since it
offers growth advantages due to increased protein biosynthesis (HARE; HARVEY,
2017). Besides protein biosynthesis, the axis mMTORC1-S6K1 is also responsible for
regulating the biosynthesis of pyrimidines and fatty acids, with severe effects on the
cell's ability to generate viable progeny (BEN-SAHRA et al., 2013; DUVEL et al.,
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2010). Upregulation of mTOR signaling also leads to neoplastic cells acquiring
resistance to chemotherapy and targeted drugs (GREMKE et al., 2020). Conversely,
it makes cells metabolically more vulnerable as it reduces baseline levels of
autophagy. The use of 4NC in this field appears to be very promising, as the
mTORC1 blockade has been observed without the activation of the expected
protective autophagic response.

The energy imbalance herein observed with 4NC treatment had effects on the
lactate/pyruvate ratio, an important indicator of the Warburg effect on tumor cells (GO
et al., 2021). SHI et al. (2018) observed a similar pattern of response when treating
human ovarian cancer cells with the chalcone cardamonin, with suppression of
mTORC1 and glycolysis. In human breast cancer, the lactate/pyruvate ratio is
positively correlated with tumor volume (GALLAGHER et al., 2020). Thus for high
lactate-consumers cells, as the Iluminal subtype, it represents an attractive
therapeutic target (KENNEDY et al., 2013).

There is huge controversy about compounds with a nitroaromatic portion,
generally related to high toxicity (KOVACIC; SOMANATHAN, 2014). The 4NC
synthesized by Dimmock et al. (2002) caused neurotoxicity when administered
intraperitoneally in mice, at the dose of 300 mg kg'. The commercial 4NC (Sigma-
Aldrich, Missouri, USA) that we tested did not show any signs of change in behavior
or tissue damage up to the oral dose of 2,000 mg kg™, just an isolated episode of
yellowish diarrhea, probably related to high dosage and the occurrence of an
osmotic/secretory diarrhea. The administration of 4NC for 21 days did not lead to
alterations in hematological and biochemical profile, nor did it cause any tissue
damage at the histological level. The greatest differences were observed in
comparison with the naive group, but in this case, it is believed that the presence of
the tumor itself was the main determinant of the alterations.

In  conclusion, the results presented here indicate that 4NC has
antiproliferative effects against human and murine mammary tumor cells, without
inducing adverse effects and toxicity in vivo. The main cell mechanisms of 4NC are
related to autophagy dysfunction and metabolic impairment (Figure 4). These
findings certainly should be replicated in different cancer cell lines and tumor models
to confirm the exposed results and determine further the therapeutic potential of 4NC

to cancer patients.
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FIGURE 1. 4NC TRIGGERS CELL DEATH IN BREAST CANCER CELLS THROUGH IMPAIRMENT
OF mTOR PATHWAY AND AUTOPHAGY DYSFUNCTION
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LEGEND: 4NC, 4-nitrochalcone; mTORC1, mechanistic target of rapamycin complex 1; LAC, lactate;
LAC/PYR, lactate/pyruvate ratio; PYR, pyruvate.
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3.8 SUPPLEMENTARY MATERIAL

SUPPLEMENTARY FIGURE S1. 4NC DOES NOT INDUCE ACUTE CELL DAMAGE IN VIVO

LEGEND: Mice were treated with the following doses of 4NC: 5 mg kg™ (A), 50 mg kg-' (B), 300 mg
kg (C) and 2000 mg kg' (D) for acute oral toxicity. There was no evidence of liver damage in all

groups. PT (Portal tract); CV (central vein), arrow - cross-sections of the bile duct.
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SUPPLEMENTARY FIGURE S2. 4ANC DOES NOT PROMOTE ALTERATIONS IN p53 AND LC3-II
ABUNDANCE IN MCF-7 CELLS
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LEGEND: (A) MCF7 cells were treated with vehicle (Veh), rapamycin ( RAPA 50 nM) and 4NC (18
pMM) in (A) and with vehicle, 4NC (18 uM), and chloroquine plus 4NC (CQ 100 uM + 4NC 18 uM) in

(B). A representative image of an independent experiment is show.

SUPPLEMENTARY FIGURE S3. PFKFB3 EXPRESSION IN MCF-7 CELLS
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LEGEND: MCF-7 cells were treated with vehicle (Veh) and 4NC (18 uM) for 24 h. The data are

expressed as mean + SEM (n=3).

SUPPLEMENTARY TABLE 1. SEQUENCE OF PRIMERS USED FOR QUANTITATIVE REAL TIME

PCR
Gene Espécie Universal and reverse primers (5—3’)
HPRT Homo sapiens U: GAACGTCTTGCTCGAGATGTGA
R: TCCAG CAGGTCAGCAAAGAAT
LC3B Homo sapiens U: ACCATGCCGTCGGAGAA
R: ATCGTTCTATTATCACCGGGATT
BAX Homo sapiens U: TCCCCCCGAGAGGTCTTTT
R: CGGCCCCAGTTGAAGTTG
CASP8 Homo sapiens U: GGATGCCTTGATGTTATTCC
R: AGTTCCCTTTCCATCTCCTC
VEGF Homo sapiens U: CCTATGTGCAGAGGAATTATG
R: CCACTGTGTTGAGGGCAATG
RAPTOR Homo sapiens U: ACTGATGGAGTCCGAAATGC
R: TCATCCGATCCTTCATCCTC
PFKFB3 Homo sapiens U: GGAGGCTGTGAAGCAGTACA
R: CAGCTAAGGCACATTGCTTC
Lc3b Mus musculus U: GTCCTGGACAAGACCAAGTTCC
R: CCATTCACCAGGAGGAAGAAGG
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U: GCCTCCTCTCCTACTTC

Bax Mus musculus
R: CCTCAGCCCATCTTCTT
Casp8 Mus musculus U: CCAGGAAAAGATTTGTGTCTA
R: GGCCTTCCTGAGTACTGTCAC
Vegf Mus musculus U: ACTGGACCCTGGCTTTACTGCT
R: TGATCCGACTGATCTGCATGGTG
RpIp0 Mus musculus U: CGACCTGGAAGTCCAACTAC

R: ACTTGCTGCATCTGCTTG
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4.1 ABSTRACT

The enzyme  6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3) is a critical engine that supports glucose catabolism. PFKFB3 produces
the signaling molecule fructose-2,6-biphosphate (F2,6BP), which activates the
second gatekeeper in glycolysis, 6-phosphofructo-1-kinase (PFK-1), and favors the
Warburg phenotype. Transcriptional and post-transcriptional processes regulate the
abundance and phosphorylation of PFKFB3 in cells and its activation has been
implicated in the progression of several types of cancer. PFKFB3 is important for
sustaining glycolysis in the tumorigenesis scenario even under unpropitious
conditions, thereby promoting metabolic reprogramming, cell proliferation, DNA
repair, and drug resistance. Despite its heterogeneous phenotype, breast cancer
presents unique characteristics that drive constitutive and inducible expression of
PFKFB3 in this opportunistic glycolytic-shift. This enzyme is a point of convergence
of multiple exogenous and endogenous growth-promoting and oncogenic signaling
pathways, in special kinases cascades. The present review summarizes advances in
in vitro and in vivo therapy studies that focus on PFKFB3 and the interplay between
hormone receptor status and the underlying essential signal transduction system in

breast cancer metabolic remodeling.

Keywords: PFKFB3; Breast cancer; Glycolysis; Kinase cascades; Metabolic therapy.
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4.2 INTRODUCTION

Glycolysis is a remote and conserved metabolic pathway, serving two main
purposes in the cell: the production of high-energy molecules (adenosine
triphosphate [ATP]/nicotinamide adenine dinucleotide [NAD]) and intermediates for
biosynthetic pathways [1, 2]. This first step in glucose catabolism consists of
sequential enzymatic reactions, regulated at the level of three irreversible reactions
coordinated by hexokinase (HK), phosphofructokinase 1 (PFK-1), and pyruvate
kinase (PK) [2]. PFK-1, the second metabolic valve, is the central controller that
directs glucose toward glycolysis or the pentose phosphate pathway (PPP), and it
has a specific and unique regulator, fructose-2,6-bisphosphate (F2,6BP) [3, 4].
F2,6BP provides metabolic plasticity to cells by subverting the negative feedback of
ATP on PFK-1, stimulating glycolytic flow and lactate production even when these
levels are already high [2, 3, 5]. F2,6BP is the product of a collateral reaction in
glycolysis, involving fructose-6-phosphate (F6P) and ATP, and it is mediated by the
enzyme phosphofructokinase 2 (PFK-2) [3]. The reverse reaction is also possible but
instead is mediated by fructose-2,6-bisphosphatase (F2,6BPase), generating
fructose 6-phosphate and inorganic phosphate [3]. Actually, the kinase/phosphatase
reactions are catalyzed by a sole enzyme with two functional domains: the 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB) [2].

4.3 PFKFB3 CONCEPTUALIZATIONS

Four isoforms of PFKFB have been described in mammals: PFKFB1 (liver
isoenzyme), PFKFB2 (heart isoenzyme), PFKFB3 (brain/placenta isoenzyme), and

PFKFB4 (testis isoenzyme) [6]. The PFKFB3 isoform is notable for its expressive
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kinase/phosphatase (K:P) ratio, which favors metabolic flux in the glycolysis pathway
and implies the reciprocal stimulation over HK expression whereas blocking glucose-
6-phosphatase (G6Pase) [2, 3]. PFKFB3 is located in the cytoplasm where glycolysis
occurs, but it is also found in the plasma membrane and mainly in the nucleus [7-10].
PFKFB3 trafficking between the cytoplasm and nucleus is controlled by acetylation
processes [7]. At the molecular level, the human PFKFB3 gene is expressed at low
levels in all tissues, especially in highly proliferative tissues [11].

PFKFB3 is subjected to both short- and long-term regulation. Its long-term
activation is based on the presence of several binding sites for transcription factors,
such as hypoxia-inducible factor 1 (HIF-1), the estrogen receptor (ER), the
progesterone receptor (PR), early growth response 1 (EGR-1), and nuclear factor-kB
(NF-kB) in the promoter region of PFKFB3 [12]. Its short-term activation occurs
through phosphorylation and methylation. Some of its amino acid residues, such as
Serd61 and Tyr194, are phosphorylation-dependent foci that respond to kinase
proteins under propitious and unpropitious energy status, respectively [4, 13]. The
phosphorylation of PFKFB3 decreases the Michaelis constant (Kn) and increases the
reaction maximum velocity (Vmax) [14], which leads PFKFB3 to require a smaller
concentration of F6P to generate F2,6BP and boosts glycolytic flux. Likewise, R134/135
methylation facilitates F6P binding to PFKFB3 [13].

Despite its potent influence on glycolysis, PFKFB3 has a short half-life, and
enzyme levels rise in a specific stage of the cell cycle: the mid-to-late G1 phase [15].
A very coordinated and sequential ubiquitin-proteasome system is activated. The E3
ligase anaphase-promoting complex/cyclosome (APC/C)-cadherin 1 (Cdh1) complex
(APC/C-Cdh1) acts before the G1 peak, whereas SKP1/CUL-1/F-box protein (SCF)—

B-transducin repeats-containing proteins (3-TrCP; SCF—B-TrCP) are activated
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thereafter [15]. The phosphorylation by oncogene proviral insertion in murine
lymphomas 2 (PIM2) reduced the levels of ubiquitination and proteasomal
degradation of PFKFB3 as well [16]. PFKFB3 levels and activity increase in later
phases of the cell cycle whether there is mitotic arrest [17]. Thus, PFKFB3 is an
important intersection between cell-cycle machinery and metabolic supply. A

summary of the main cell functions of PFKFB3 is shown in Figure 1.

&=L

PMCAs
Invadopodia

Lamellipodia

AL PGM
BT
G\ucose PFK-1 \, @/ LDH —_

\ F2 6BP “cneon Lactate

PFKFB3.
Kinase
cascades

e
PFKFB.‘?;° ” PFKFB3

DNA repair
SCF-B-TrCP
‘PFKFBS 4—-"{
@ k—-v APC/C-Cdh1
a5
/ Cell cycle

progression

Cytoplasm Nucleus

Fig. 1. PFKFB3 localization and function in cells. In the plasma membrane, PFKFB3
is responsible for glycolytic ATP supply to plasma membrane calcium ATPases
(PMCAs), lamellipodia, and invadopodia. In the cytoplasm, PFKFB3 is
phosphorylated by a series of kinase proteins and regulates the glycolytic enzyme
PFK-1 through the production of F2,6BP. PFKFB3 contains a nuclear localization
signal (NLS), allowing enzyme trafficking to the nucleus via importin complex a5
(la5). PFKFB3 acetylation prevents NLS recognition and causes PFKFB3
cytoplasmic retention. PFKFB3 has a non-canonical function in the nucleus,
controlling cell-cycle progression and DNA repair in specific contexts. The ubiquitin
ligase complexes APC/C-Cdh1 and SCF-B-TrCP target PFKFB3 for proteasomal
destruction. PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3;



67

PMCAs, plasma membrane calcium ATPases; PFK-1, 6-phosphofructo-1-kinase;
F2,6BP, fructose-2,6-biphosphate; NLS, nuclear localization signal; a5, importin
complex a5; APC/C-Cdh1, anaphase-promoting complex/cyclosome-cadherin 1;
SCF—B-TrCP, SKP1/CUL-1/F-box protein—B-transducin repeats-containing proteins.
(Figure produced by Adobe lllustrator 2021 and Adobe Photoshop 2021 softwares).

4.4 MODULATION OF CARCINOGENESIS BY PFKFB3

A vigorous glycolytic rate is typical for cells that undergo rapid proliferation,
such as cancer cells, becoming a sustained state and distinctive aspect of these cells
[8]. This cancerous-metabolic shift was first described by Otto Warburg in rat
carcinoma (Flexner-dobling type) and sarcoma (Jensen type) [18] and is known as
the Warburg effect. Tumor tissue utilizes glycolysis and diverts a large amount of the
product, pyruvate, for fermentation instead of mitochondrial respiration, generating
lactic acid [18]. This glycolytic fueling is described as a hallmark of cancer [19]. Some
theories support the pro-tumor characteristics of glycolysis, such as its involvement in
fast ATP synthesis, cell signaling, biosynthesis, and tumoral microenvironment
maintenance [20].

PFKFB3 is abundant in several solid human tumors in situ, including
carcinomas in colon, prostate, breast, ovary, liver, thyroid, tongue, nasopharynge,
lung, head, and neck [4, 9, 21-25]. It has been described as an independent
prognostic marker in lung cancer and hepatocellular carcinoma, although the
phosphorylated form of PFKFB3 (p-PFKFB3) appears to be more accurate in
gynecologic cancers [24, 26, 27]. PFKFB3 is essential to life and associated with
circadian homeostasis, proliferative markers, and key cell cycle proteins [22, 24, 28].
However, its presence in a homozygote condition was associated with a higher
chance of developing cancer in a model of intestinal neoplasia, linking PFKFB3

activity to cell transformation [4].
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In addition to supporting the unrestrainable metabolism of neoplastic cells,
PFKFB3 exerts an acidifying effect in the extracellular microenvironment, contributing
to angiogenesis, immunosuppression, and metastasis [22, 23, 29]. To mitigate these
pro-tumoral effects, several antiglycolytic (anti-PFKFB3) agents have been
developed and tested [30]. The main effects of the pharmacological disruption of
PFKFB3 include a reduction of F2,6BP production, impairments in glucose uptake,
and lower rates of proliferation [31]. Additional outcomes have also been described,
depending on cell type, antiglycolytic regimen, and synergistic effects with therapies
(Table 1).

Tumor cells, especially under hypoxic conditions, undergo cell cycle arrest and
cell death when PFKFB3 is blocked [25, 32]. The chalcone derivatives 3-(3-pyridinyl)-
1-(4-pyridinyl)-2-propen-1-one (3PO), 1-(4-pyridinyl)-3-(2-quinolinyl)-2-propen-1-one
(PFK15), and  1-(4-pyridinyl)-3-[7-(trifluoromethyl)-2E-quinolinyl]-2-propen-1-one
(PFK158) are among the most studied PFKFB3 antagonists, exerting either
competitive or noncompetitive inhibitory effects on kinase activation [30, 32]. In
general, they were well-tolerated drugs in vitro and in vivo, but with different
pharmacokinetics properties, selectivity, and potency. The low solubility of 3PO
limited its use, associated with the occurrence of nonspecific disturbances in normal
cells, as cardiac cells, despite the fact that cardiac function was not affected.
Conversely, the PFK15 inhibitor had limited effects in normal cells, whereas PFK158
inhibitor did not show adverse effects in animals or human trials [20, 32—-34]. PFK158
was the first PFKFB3 antagonist that was tested in a Phase | clinical trial
(NCT02044861) [35], which resulted in no toxicity up to a dose of 96 mg/m?, but no

further results were published.



Table 1 PFKFB3 as a target in anti-cancer therapy studies

Inhibitor Type of study Treatment Concentration | Additional Reference
combination or dose range | effect in cells
or tumors

In vitro (human lonizing radiation 10 uM | Homologous | [36]
KANO0438757 | cells: BJ TERT, recombination

BJ RAS; human repair

cancer cells:

MKN45, AGS,

BCG823, MIA

PaCa-2, PANC-1,

NUGC-3, SW620,

U208S)

In vitro (human Sorafenib In vitro (1-40 Inhibition of [37]
Aspirin cells: QSG-7701, mM) HIF-1a

LO2; human In vivo (20, 50,

cancer cells: and 100

HCC-LM3, Huh7- mg/kg)

R)

In vivo (HCC-LM3

xenograft mouse

model)

In vitro (murine — In vitro (10-500 | Apoptosis [38]
3PO cancer cells: B16- pM) 25 mg/kg —

F10, Panc02; In vivo (25-70 tumor vessel

human cells: mg/kg) normalization;

HUVECs) 70 mg/kg —

In vivo (panc02 tumor vessel

syngeneic mouse disintegration

model, B16-F10 and

syngeneic mouse fragmentation

model)

In vitro (human Sunitinib 5-15 uyM — [39]
3PO cells: HUVECs)

In vivo (patient- | Bevacizumab, 25 mg/kg Tumor vessel | [40]
3PO derived GBM | Doxorubicin normalization;

orthotopic | tumor

xenografts in hypoxia

mice)

In vitro (human | Imatinib, Dasatinib | In vitro | Apoptosis; [41]
3PO and cancer cells: (0.0001-10 abolishment
PFK15 K562, K562IR, uM) of tyrosine

K562IDR, MEG- In  vivo (10 | kinase

01) mg/kg) inhibitor

In  vivo (CML resistance

syngeneic mouse

model, K562,

K562IR, and

K562IDR

xenograft mouse

model)

In vitro (human — In vitro (2.5-10 | Apoptosis; [33]
PFK15 cells: GES-1; uM) cell cycle

human cancer In vivo (25 arrest in

cells: MKN45, mg/kg) G0/G1 phase

AGS, BCG823)

In vivo (MKN45

xenograft mouse

model)

In vitro (human Rapamycin 0.1-5 uM — [42]
PFK15 cancer cells:

THP1, OCI-

AML3)
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In vitro (human — 3-6 uM Inhibition of [8]
PFK15 cancer cell: basal
ACHN Hela) autophagy;
inhibition of
AMPK
pathway
In vitro (human — 5-50 uM Apoptosis; [7]
PFK15 cells: 16HBE; cell cycle
human cancer arrest in
cells: A549) G0/G1 phase
In vitro (human — In vitro (1.25- Apoptosis; [24]
PFK15 cancer cells: 10 uM) cell cycle
HNSCC, Cal27, In vivo (10- arrest in G2/M
FaDu) 20 mg/kg) phase
In vivo (Cal27
xenograft mouse
model)
In vitro Metformin 0.5-3 uM Apoptosis; [43]
PFK15 (RPMI8226, ARP- cell cycle
1, OPM2) arrestin S
phase
In vitro (human — 0.3-10 uM Apoptosis; [10]
PFK15 cancer cells: MIA inhibition of
PaCa-2, BxPC-3, plasma
PANC1, HPSCs) membrane
calcium
ATPases
In vitro (human Rapamycin In vitro (1-5 — [30]
PFK15 cells: HEK293T; pM)
human cancer
cells: NCI-H292,
MDA-MB231,
PC3; murine
cells: MEF,;
murine cancer
cells: ELT3)
In vivo (MEF
xenograft mouse
model)
In vitro (murine — In vitro (1-20 Apoptosis; [27]
PFK15 cancer cells: BNL uM) tumor vessel
1ME A.7R.1) In vivo (25 normalization;
In vivo (BNL mg/kg) | tumor
syngeneic mouse hypoxia
model)
In vitro (human Phenformin, PQP, 5 uyM-20 | — [44]
PFK15 and cancer cells: NHI-2 mM; PKF15, 1-
PQP 5637, HT1197, 5 uM
HT1376, RT4,
SW780, T24,
TCCSUP, UM-
UC-3, Caco-2,
HCT116, HT29)
In vitro (human Paclitaxel, In vitro — [34]
PFK158 cancer cells: Gemcitabine, (0.0001-100
jurkat) Irinotecan uM)
In vivo (LLC In vivo (5-30
syngeneic mouse mg/kg)
model, CT-26
syngeneic mouse
model, Bx-PC3
xenograft mouse
model)
In vitro (human Cisplatin, In vitro (5-15 Autophagy; [26]
PFK158 cancer cells: Carboplatin, M) lipophagy
HeyA8, Paclitaxel In vivo (25
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HeyA8MDR, mg/kg)

OVCARS5,

0OVv2008, C13,

OVa0)

In vivo

(HeyAS8MDR

xenograft mouse

model)

In vitro (human 4- 0.5-25 uM Apoptosis; [45]
PFK158 cancer cells: Hydroxytamoxifen, 1 reactive

MCF7, MCF7:5C, | Fulvestrant oxygen

LCC9) species

In vitro (human Carboplatin, In vitro (0-20 Apoptosis; [46]
PFK158 cancer cells: EN1, | Cisplatin uM) autophagy;

HEC-1A, HEC- In vivo ( 35 | homologous

1B, ARK-2, mg/kg) recombination

SPAC1L) repair;

In vivo (HEC-1B, inhibition of

ARK-2 xenograft AKT and

mouse model) mTOR

pathway

Phase | clinical — 24,48,and 96 | — [35]

PFK158 trial mg/m?

LEGEND: KAN0438241, (4-{[(5'-fluoro-2’-hydroxybiphenyl-3-yl)sulfonyllamino}-2-hydroxybenzoic acid; 3PO, (3-(3-pyridinyl)-1-
(4-pyridinyl)-2-propen-1-one); PFK15, (1-[4-pyridinyl]-3-[2-quinolinyl]-2-propen-1-one); PFK158, (1-[4-pyridinyl]-3-[7-

(trifluoromethyl)-2E-quinolinyl]-2-propen-1-one).

In preclinical studies, cell cycle arrest that is caused by PFKFB3 blockade has
often been described, causing cytostatic or cytotoxic effects, depending on the
treatment regimen. Cell death occurs mainly via apoptosis but also via autophagy.
Despite these data, the clinical application and feasibility of anti-PFKFB3 therapy are
still under consideration, particularly when considering the intrinsic complexity and
variability of cancer. Although PFKFB3 is more expressed in neoplastic cells and
therefore could be a potential therapeutic target, the matter of off-target issues that
are observed in competitive kinase inhibition therapy is important. To date, studies
indicate high specificity of binding to PFKFB3, especially with PKF158, in a group of
more than 90 different kinase enzymes tested [30]. In this field, studies focusing on
the activation of PFKFB3 bisphosphatase have been in evidence lately [47], because
instead of blocking an essential enzyme for cell homeostasis, there is a normalization

of the K:P ratio.
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Considering the variability of tumor types, the following sections focus on the

multi-level cancerous proprieties of PFKFB3 in breast cancer.

4.5 PFKFB3 IN BREAST CANCER

Breast cancer is the most prevalent and main cause of death in the female
population [48]. Because of their highly heterogeneous properties, breast tumors are
often classified based on their hormone receptor status (i.e., estrogen receptor [ER]
and progesterone receptor [PR] expression) and the expression of human epidermal
growth factor receptor type 2 (HERZ2). Four major immunophenotypes have been
reported: luminal A (ER*/PR*/HER2"), luminal B (ER*/PR*-/HER2*"), HER2 enriched
(ER"/PR"/HERZ2*), and triple negative breast cancer (TNBC; ER/PR/HER2") [49].
Similar to other cancer types, breast cancer presents aberrant metabolism and its
growth is supported by the Warburg effect.

Substantially high PFKFB3 expression is observed in human primary and
metastatic breast cancer cells compared with healthy breast tissue, and higher levels
of PFKFB3 were associated with poorer survival rates. Consequently, PFKFB3
expression increases proportionally to tumor staging, and it can be used as a
prognostic marker for breast cancer [31, 50-52]. Additionally, PFKFB3
phosphorylation has been detected mostly in marginal and invading areas of breast
carcinomas, suggesting that the modification of this enzyme might play a relevant
role in metastasis [13, 21]. As expected, the differential distribution of PFKFB3 has
been reported between breast cancer subtypes, and PFKFB3 expression is
exacerbated in TNBC and HER2 enriched tumors [53]. PFKFB3 mRNA and protein
expression is generally higher in more aggressive and metastatic cancers,

representing an important malignancy factor when it is present [53]. In breast
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cancer, it has been proposed that PFKFB3 beyond the regulation of aerobic
glycolysis, cell proliferation, and migration, also functions as a mechanism of
therapeutic escape, directly related to paclitaxel resistance [16]. Several factors
contribute to the control of PFKFB3 activity in breast cancer. In the sections below,

some of these interactions are summarized according to breast cancer subtype.

4.5.1 Luminal A/B subtypes

The imbalance in hormonal exposure is often linked to breast cancer risk,
because ovarian steroid hormones are involved in controlling mammary gland
expansion. Therefore, the expression of estrogen and progesterone receptors can
create a selective advantage for growth of tumor cells. Estrogen and progesterone
bind to steroid hormone receptors (SHRs), which act as transcription factors when
binding to hormone-responsive elements (HRESs) in the promoter region of regulated
genes [54].

At the transcriptional level, PFKFB3 can be regulated by 17B-estradiol (E2),
the main female sex hormone. The E2 transcriptional effect on MCF-7 (ER*/PRY)
cells occurs within 1 h after the initiation of treatment and increases PFKFB3 mRNA
and protein levels within 3-6 h [55]. This occurs through recruitment of the
ERa subtype to estrogen response element (ERE) in the PFKFB3 promoter [55].
Metabolic modifications that are activated by estrogen depend on ER membrane-
initiated intracellular signaling that engages in crosstalk with kinase cascades, such
as the mitogen-activated protein kinase (MAPK)/ERK and phosphatidylinositol
3-kinase (PI3K)/protein kinase B (AKT) pathways [56, 57]. Alternatively, ER-
independent machinery can be engaged for estrogen to alter cell metabolism,

including the G protein-coupled estrogen receptor (GPER). This machinery mediates
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the interface between E2 and PFKFB3, decreasing the PFKFB3 turnover mainly via
the ubiquitin-proteasome system [58].

Estrogen interferes with epigenetic RNA-mediated processes, specifically by
modulating the microRNA (miRNA) miR-206, a tumor-suppressive factor. miR-206
binds to the 3’-untranslated region of PFKFB3 mRNA and prevents the activation of
glycolysis, which was antagonized by E2 [59].

Progesterone (P4) has been reported to promote PFKFB gene expression
[50]. This effect is achieved by long induction with P4 through the binding of PR
isoform B (PRB) to progesterone response elements (PREs) in the PFKFB3 promoter
[5]. Genomic activation, however, depends on nongenomic activation of the p-PRs/p-
extracellular signal-regulated kinase (ERK)/p-mitogen- and stress-activated protein
kinase-1 (MSK1) complex, which prepares chromatin for transcription [54]. The
genomic and nongenomic modulation of steroid hormones are generally seen as
independent pathways, but ERK phosphorylation leads to the robust phosphorylation
and activation of 90 kDa ribosomal protein S6 kinase (p90RSK) and finally PFKFB3
[5, 54]. Thus, the upregulation of glycolytic fueling by PR signaling follows a bimodal
and interconnected mechanism.

The synergistic control by ERs and PRs over PFKFB3 transcription and
phosphorylation efficiently connects energy demand to PFKFB3 abundance in
luminal cells. On the other hand, the presence of these receptors does not appear to
be the main determinant of the glycolitic profile in luminal breast cancer, since it has
an intermediate metabolic phenotype when considering glycolysis to oxidative

phosphorylation (OXPHOS) [60].
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4.5.2 HER2 enriched subtype

HER2 is an orphan ligand receptor that triggers the activation of cell
proliferation survival, and cell cycle progression very efficiently. HERZ2-positive
breast cancer cells exhibit a typical glycolytic phenotype, with high glucose uptake, a
high rate of glucose-dependent proliferation, low mitochondrial activity, and high
PFKFB3 expression compared with normal cells [53, 60—62]. The integration
between upstream growth and proliferation pathways and PFKFB3 was
demonstrated by the increase in PFKFB3 expression in non-tumoral cells after
transfection with HER2 [31]. Treatment with the PFKFB3 antagonist 3PO led to a
decrease in glycolysis rate and cell viability, and treatment with the HER2 antagonist
lapatinib dose-dependently reduced the expression of PFKFB3 [31].

Massive glycolysis is a metabolic characteristic of HER2* tumors that are
responsive to anti-HER2 treatment [61]. By comparison, genetically engineered
mouse-derived breast tumors exhibited expected glycolytic rates that were
associated with HER2 expression, whereas HER2-downregulated cells (i.e., in
dormancy, regression, and regrowth states) switched glycolysis to OXPHOS [62].
Similar results were reported in several cell lines after the suppression of glycolysis,
which led to the activation of autophagy, driving amino acids to feed mitochondrial
OXPHOS [63]. In this case, an inverse relationship was found between autophagy
and PFKFB3 [53, 64]. Breast cancer cells in the dormancy state elicited the
PFKFB3-°“Autophagy™9" phenotype, whereas cells in the metastatic state exhibited
a PFKFB3M9"Autophagy°" phenotype, in which PFKFB3 expression was critical for
sustaining stem cell-like characteristics [53]. The escape from dormancy is not driven
by the PFKFB3 gene alone—however its expression in HER2-enriched is related to

lower relapse-free survival [53].
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The presence of the HER2 receptor and the massive activation of glycolysis
confer a favorable growth profile to these cells and is based on the activation of
kinase cascades such as PISK/AKT, MAPK and protein kinase C (PKC). In this case,

the activation of PFKFB3 is a fast and synchronized post-transcriptional process.

4.5.3 TNBC subtype
TNBC cells exhibit the more aggressive and higher glycolytic phenotype [60,

65]. Glucose is the preferential substrate for TNBC cells, but these cells can survive,
even without growing, in its absence [66]. To sustain this enriched glycolytic profile,
the cells directly or indirectly upregulate PFKFB3. The latter occurs using the
glycolytic intermediate F1,6BP, which phosphorylates epidermal growth factor
receptors (EGRRs) to further enhance glycolysis signaling via c-Src-PFKFB3 [51,
65].

Among the factors that favor TNBC malignancy, breast cancer gene 1
(BRCA1) acts as an important maintainer of the metabolic resilience of tumors [67].
When a BRCA1-mutated TNBC cell line was transfected with a plasmid that encoded
the wildtype BRCA1 gene, it downregulated five genes that are involved in glycolysis,
including PFKFB3 [68]. Additionally, BRCA1 mutation mediates the phosphorylation
of AKT, which has been linked to an increase in PFKFB3 [25, 68, 69]. TNBC cell
lines present high levels of PFKFB3 and are dependent on PFKFB3 to migrate,
invade, and proliferate [51]. Distant metastasis, an important cause of death in TNBC
patients, is associated with high PFKFB3 expression. Thus, the blockade of PFKFB3
decreases the levels and activity of signal transducers and activators of transcription
3 (STAT3), a pivotal protein in breast cancer metastasis [51, 70, 71].

Additionally, silencing of the PFKFB3 gene in breast cancer cells drives the

loss of angiogenic activity by suppressing vascular endothelial growth factor (VEGF),
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the most abundant vascular growth factor that is expressed by breast cancer tumors
[51, 72]. Besides this direct suppression of solid tumor growth, blocking PFKFB3 has
a marked effect on tumor endothelial cells, leading since vascular barrier tightening
to tumor vessel disintegration, depending on the 3PO concentration used [38].
Therefore, PFKFB3 may be used as a therapeutic target not only in TNBC but also in
tumor endothelial cells to inhibits tumor growth and metastasis [38]. As seen for
HER2* tumors, in TNBC tumors the main activators of PFKFB3 are the kinase
enzymes.

The impact of PFKFB3 on different breast cancer subtypes is complex and
certainly is not a main determinant of the glycolytic phenotype, which consists of a
wide network of pro-survival pathways. However, PFKFB3 presents notable
differences in distribution. In luminal tumors, hormonal effects of E2 and P4 on
PFKFB3 are prominent. Independent of this control, however, the enzyme’s actions
are more intense in HER2 enriched and TNBC tumors. The presence of growth factor
pathways appears to be paramount in this case. The non-receptor tyrosine kinase
Src plays a key role in the direct activation of PFKFB3 and underlying kinase
cascades. The levels of p-Src and phosphorylation of PFKFB3 at Tyr194 were higher
in the MDA-MB-231 (ER/PR/HER2") TNBC cell line than in the MCF-7 luminal A
(ER*/PR™) cell line. Additionally, levels of p-Src and phosphorylation of PFKFB3 were
activated even under scarce glucose concentration, a condition in which PFKFB3
activation by AMPK would be expected [4]. By stimulating catabolic pathways,
PFKFB3 makes available large amounts of metabolic intermediates for the synthesis
of nucleic acids [4], thereby supporting the stronger cell proliferation of HER2

enriched and TNBC subtypes.
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4.6 COMPONENTS OF PFKFB3 CELL SIGNALING CASCADES

A plethora of growth pathways and oncogenic factors can switch PFKFB3 to
control glycolytic metabolism, even under conditions of low glucose availability [51].
The most important interconnection between PFKFB3 and these intrinsic and

extrinsic effectors is outlined below and presented schematically in Figure 2.

Fig. 2 PFKFB3 crosstalk with breast cancer-related receptors and cell signaling
cascades. Estrogen receptors (GPER, membrane ER [mER]), progesterone
receptors (membrane PR [mPR]), and HER2, once stimulated, activate downstream
kinase cascades, with transcriptional and post-transcriptional effects on PFKFB3
activity. mPR activation leads to MSK1 phosphorylation, preparing chromatin for
transcription, and P90RSK phosphorylation phosphorylates PFKFB3. Src is a
convergence point for mER, GPER, and HER2 receptor activation, further activating
the PIBK/AKT/mTOR and MAPK pathways. PFKFB3 is able to activate upstream
kinases, such as mMTORC1 and AKT. AKT directly phosphorylates PFKFB3 and ERs.



79

The stabilization of PFKFB3 occurs through the action of E2 and PIM2. Post-
transcriptional regulation follows the binding of transcription factors in the PFKFB3
promoter region (P), which also involves nuclear ER (nER), cytoplasmic ER (cER),
and nuclear PR (nPR) activation. The global effect is metabolic remodeling that
favors glycolysis. AKT, protein kinase B; E2, 173-estradiol; E2F1 E2F transcription
factor 1; ER, estrogen receptor; ERK, extracellular signal-regulated kinase; GPER, G
protein-coupled estrogen receptor; HER2, human epidermal growth factor receptor
type 2; HIF-1, hypoxia-inducible factor 1; MAPK, mitogen-activated protein kinase;
mTORC1, mammalian/mechanistic target of rapamycin complex 1; MSK1, mitogen-
and stress-activated protein kinase-1; P4, progesterone; p90RSK, 90 kDa ribosomal
protein S6 kinase; PIM2, proviral insertion in murine lymphomas 2; PFKFB3, 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; PI3K, phosphatidylinositol
3-kinase; PR, progesterone receptor. (Figure produced by Adobe lllustrator 2021 and
Adobe Photoshop 2021 softwares).

4.6.1 AKT/mTOR

The axis-PI3K/AKT/mammalian/mechanistic target of rapamycin (mTOR) is
usually considered a linear signal transduction cascade that controls the destination
of glucose in cells. However, it is not sequentially or equally activated in breast
cancer tumors [73]. The enriched p-AKT signature is more common in the luminal A
subtype and strongly related to ER activation even in the absence of E2 [74]. The p-
mTOR signature is enriched in luminal B and HER2" subtypes and in endocrine-
resistant breast cancer [73, 75].

AKT improves the translocation of glucose transporters to the plasma
membrane at the same time that phosphorylates glycolytic enzymes, such as HK and
PFKFB [76]. Specifically, PFKFB3 has a conserved site for phosphorylation by AKT
at the Ser478 residue, beyond the usual Ser461 residue [77, 78]. Pharmacological
interference in PFKFB3 activity restrains AKT signaling and insulin-stimulated
glucose uptake by glucose transporter translocation to the plasma membrane [79].
PFKFB3 is believed to regulate the expression and phosphorylation of AKT [25].

Therefore, in addition to the cell's energy status, PFKFB3 increases rates of
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glycolysis, with positive feedback control over both PFK-1 and the AKT pathway in a
cyclic manner [79].

The mTOR pathway is known to induce glycolysis via downstream
transcription factors, such as hypoxia-inducible factor 1a (HIF-1a) and Myc [80, 81].
HIF-1a, a subunit of HIF-1, binds to a specific HRE in the PFKFB3 gene promoter
region and enhances its transcription under hypoxic conditions [12]. Furthermore, it
can be targeted by activating the mTORC1 pathway, especially in conditions of loss
of function of the tuberous sclerosis complex gene (TSC1/TSC2), a negative
regulator of this pathway [42, 82]. Similarly, the PI3BK/AKT/mTOR negative regulator
phosphatase and tensin homolog (PTEN) is suppressed in a wide variety of sporadic
cancers and plays a protective role in inhibiting PFKFB3, augmenting its interaction
with the E3 ligase APC/C-Cdh1 [77, 83]. At the same time, as a mTOR target,
PFKFB3 associates with PFK-1 at the lysosomal surface to drive new mTORC1
activation via E2F transcription factor 1 (E2F1) stimulation [80]. The interplay
between energy-sensing pathways is enhanced by PFKFB3, independent of AMP-

activated protein kinase (AMPK) signaling.

4.6.2 AMPK

AMPK is a central energy gauge responsive to metabolic stress. A linear
correlation was described between expression levels of AMPK and PFKFB3 in
human breast tumors, although lower p-AMPK expression was observed in breast
cancer compared with breast non-cancerous tissue [52, 84]. In this scenario, AMPK
is often impaired because of PISK/HER2 activation [85].

Genotoxic stress and mitotic arrest have a combined and sequential effect on
AMPK and PFKFB3 phosphorylation, conferring resistance to treatment by protecting

cancer cells from death [7, 17]. AMPK plays a fundamental role in adaptation of the
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glycolytic response under conditions of physiological stress, in which the low-pH-
adapted phenotype induces activation of the AMPK pathway and phosphorylation in
PFKFB3 [86]. This process increases the glucose consumption and glycolysis rate
but keeps ATP levels low compared with normal-pH cells. The benefit of this
mechanism is to propagate the activation of AMPK and glycolysis shift [86].

Energy deprivation can induce activation of the AMPK pathway and autophagy
to guarantee the cell survival, in a PFKFB3-dependent way. The PFKFB3 blocked by
PFK15 mitigated the levels of basal autophagy and some autophagy-challenges
mediated by AMPK [8]. This relationship is mainly due to the nuclear form of PFKFB3
and it may be associated with the positive effect of Fru-2,6-BP on the cell cycle
machinery and the crucial role of PFKFB3 in DNA repair [36]. From this point of view,
metabolic alterations are not the endpoint in cell survival but rather an active and

adaptive process that rely in PFKFB3 activity.

4.6.3 MAPK

The MAPK pathway controls the transcription and activation of protein kinases
relevant to the Warburg effect. Cellular processes of cell immortalization and
transformation is closely coupled to the MAPK oncogenic downstream factor RAS
and PFKFB3 [87].

In breast cancer, the expression of MAPK is related to ER* tumors and the
apoptotic markers B-cell lymphoma 2 (BCL-2) and p53, suggesting a better outcome
[57]. The MAPK association with HER2* tumors may occur, particularly in ER~
tumors, which present a poorer prognosis because of alterations of proliferative
signals (i.e., p38 phosphorylation and p53 mutation) [57, 88].

Cancer cell lines that are exposed to stress stimuli initiate a cascade that

involves the phosphorylation of p38 MAPK, MAPK-activated protein kinase 2 (MK2),
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and PFKFB3, resulting in an increase in F2,6BP [14]. The intermediate
phosphorylation of SRF mediated by MK2 lead to up-regulation in PFKFB3 gene
expression after SRF binds in PFKFB3 promoter region [14]. The dual modulation of
PFKFB3 through MAPK promotes a very rapid response, within 30 min in the case of
transcriptional regulation, ensuring the adaptive potential of cancer cells to survive in
an inhospitable microenvironment.

In parallel, p38 MAPK/MK2 signaling is the mechanism that underlies actions
of the hedgehog (HH) signaling pathway on PFKFB3 phosphorylation [89]. The HH
ligand sonic hedgehog (SHH) is a morphogen peptide that is secreted by epithelial
cells and participates in the proliferation, differentiation, and cell polarity of normal
mammary tissues [90]. Additionally to short-term activation of PFKFB3, aberrant
activation of the HH pathway increases the transcription of glycolytic enzymes as HK
and PK and presents a positive correlation between SHH and tumor size/stage in

primary breast carcinomas [89].

4.6.4 NF-xB

The NF-kB pathway confers plasticity against physiological and environmental
stressors. In breast cancer, NF-kB activation generally results in tumors with a higher
grade (e.g., lll), which translates into faster-growing cancers that are more likely to
spread and be larger, ER~ and PR~, and HER2/neu® and have a poorer prognosis
[91].

The PFKFB3 gene has a B site in its promoter region and is positively
regulated by NF-kB at the transcriptional level. PFKFB3 inhibition also suppress NF-
kB signaling in hyperglycolytic tumor endothelial cells (ECs). This occurs because

NF-xB is a lactate-responsive transcription factor [92]. A study of breast cancer cells
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found that PFKFB3 interacted with a regulatory component of the NF-kB pathway,
inhibitor of nuclear factor kB kinase subunit  (IKKB) [93]. Glutamine deprivation
guides IKKB to phosphorylate PFKFB3 at Ser269, consequently decreasing its
activity [93]. Low glutaminolysis requires a coordinated reduction of glycolysis to
guarantee cell homeostasis.

Not only tumor cells benefit from PFKFB3 stimulation. Monocytes that are
stimulated by tumor-derived soluble factors also exhibit PFKFB3 upregulation. This,
in turn, stimulates NF-kB to induce programmed cell death ligand 1 (PD-L1)
expression, resulting in impairments in T-cell activity and tumor escape [94].
Immunosuppressive cells, such as Th17 and myeloid-derived suppressor
cells (MDSCs), also overexpress PFKFB3 [95]. From this point of view, anti-PFKFB3
therapy, in addition to antiproliferative properties, can be seen as an
immunostimulatory therapy, overcoming the shift to a low immune response dictated

by PFKFB3.

4.6.5 p53
p53 protein ensures the fidelity of cellular biological information over

successive cell generations. The overall frequency of mutations of p53 in breast
cancer is lower than in other solid tumors and is heterogeneously distributed (e.g.,
less frequent in luminal A and B and present in the majority of HER2* and TNBC)
[96, 97].

In cancer, the loss of p53 is an important source of genetic variation and
contributes to the Warburg effect [98]. Interconnections between energy metabolism
and tumor suppression arise from the fact that, as a tumor suppressor, p53 redirects

glucose to PPP to maintain adequate nucleotide homeostasis to facilitate DNA repair
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[99]. Thus, p53 activation causes the repressed expression of PFKFB3 through the
binding of p53 in the PFKFB3 promoter region [99].

p53 also orchestrates glycolysis by regulating posttranslational mechanisms.
The p53-induced TP53 glycolysis and apoptosis regulator (TIGAR) has a catalytic
domain that is similar to the bisphosphatase domain in PFKFB-family proteins, and it
opposes the PFKFB3 production of F2,6BP [98]. TIGAR shunts glucose flux through
the PPP and provides a reducing equivalent of NAPDH to neutralize reactive oxygen
species, thereby avoiding apoptosis [1]. The long-noncoding RNA (IncRNA) actin y 1
pseudogene (AGPG) is also a target of p53, the absence of which prevents APC/C-
PFKFB3 ubiquitination, leading to PFKFB3 accumulation [100]. Therefore, metabolic
reprogramming is under strict tumor-suppressive control, and PFKFB3 plays a vital
role in sustaining survival and proliferative signals. Collectively, PFKFB3 is a robust
biochemical interrupter in intricate cellular signaling machinery, directing metabolic

reprogramming.

4.7 FINAL CONSIDERATIONS

PFKBF3 is a multifaceted enzyme that simultaneously modulates metabolism,
cell proliferation, and DNA repair in tumor cells and the tumor environment. Its
biochemical functions involve sustaining glucose fermentation, which benefits cell
tumorigenesis through the Warburg effect. Additionally, PFKFB3 translocates to
different compartments in the cell and can acquire non-canonical functions, such as
controlling cell proliferation in the nucleus, invasiveness, and angiogenesis. Thus,
PFKFB3 has recently been highlighted in preclinical cancer studies, including breast
cancer, in which hormonal receptors and growth factor status are dominant drivers of

malignancy. PFKFB3 is transcriptionally regulated by estrogen and progesterone.
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The presence of ER, PR, or HER2 (or even their absence in the case of TNBC) leads
to strong dependence on kinase cascades and their downstream effectors for
PFKFB3 activation. PFKFB3 is a central integrating protein that interacts with
important signaling pathways, such as AMPK, MAPK, AKT/mTOR, and NF-kB, and
the mutant gene p&3 to orchestrate short- and long-term cancer-promoting
responses (Fig. 3). PFKFB3 modulation appears to be a promising anti-cancer
strategy that can break the feedback loop of the control of metabolism over cell
survival and proliferation. Experimentally, PFKFB3 has been demonstrated to bypass
the critical problem of intrinsic and acquired drug resistance when used in
combination with standard chemotherapy. Special care must be taken with naturally
glycolysis-addicted cells such as endothelial cells, stem cells and immune cells, that
have aerobic glycolysis as a constitutive feature and that could suffer impairment of
function with anti-PFKFB3 therapy. In the near future, an increasing number of in
vitro and in vivo studies are expected to investigate features of PFKFB3 in cancer

models and its translational application for the management of breast cancer.
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Fig. 3 The PFKFB3 enzyme is an oncogenic factor that modulates malignant
transformation of breast cells and at the same time suffers positive feedback by the
specific molecular characteristics of breast cancer. AKT, protein kinase B; AMPK,
adenosine monophosphate-activated protein kinase; MAPK, mitogen-activated
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protein kinase; mTOR, mammalian/mechanistic target of rapamycin; NF-kB, nuclear
factor-kB; OXPHQOS, oxidative phosphorylation. (Figure produced by Adobe lllustrator
2021 and Adobe Photoshop 2021 softwares).
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5 CONSIDERAGOES FINAIS

Conforme o exposto neste trabalho, € possivel propor a utilizacdo de
chalconas como terapéutica no contexto do cancer de mama em nivel pré-clinico. A
modulagdo metabdlica parece ser um achado em comum das chalconas, embora
com alvos farmacolégicos diferentes. Determinou-se que a chalcona 4NC foi eficaz
no tratamento do cancer de mama em linhagem de cancer de mama humana (MCF-
7) e em um modelo tumoral murino singénico, sem apresentar toxicidade aguda e/ou
durante o periodo experimental, neste ultimo caso. O mecanismo de acao esta
associado a atenuagao da via mTORC1-Raptor/S6K1, com impacto negativo sobre a
sintese proteica e, ao mesmo tempo, indica que uma importante resposta fisiologica
a esta privagcdo biossintética - a autofagia - € concomitantemente bloqueada,
limitando o crescimento e a proliferagdo das células tumorais. Os modelos
experimentais utilizados, embora distintos em termos da classificagdo molecular
classica para o cancer de mama, sendo a linhagem MCF-7 hormonal dependente e
o SEC hormonal independente, apresentaram resultados significativos de redugéo
do crescimento tumoral, uma vez que a remodelagdo metabdlica € uma qualidade
universal do cancer. Ademais a descoberta de uma sinalizagcao citoplasmatica de
estrégeno e progesterona observada no SEC € ainda um campo a ser estudado,
para definir o potencial de transposi¢cdo desta caracteristica ao cancer de mama
humano.

Por outro lado, na revisdo de literatura abordando a enzima PFKFB3 em
cancer de mama, a inibicdo enzimatica foi o alvo das chalconas 3PO, PFK15 e
PF158. A superexpressdo da enzima PFKFB3 é uma base comum de varios
canceres para a manutencao da glicolise aerdbica e a resiliéncia ao dano celular e
estresse. No cancer de mama, os tumores de fendtipo glicolitico como os que
superexpressam HER2 e TN apresentam resultados superiores com a terapia anti-
PFKFB3. Ainda que a enzima seja regulada positivamente por estrogeno e
progesterona, a complexa sinalizacao de quinases PI3BK/AKT/mTOR, AMPK e MAPK
apresenta forte interacdo com a PFKFB3, em muitos casos com amplificacdo mutua
sobre a sua ativagdo e um padrao de resposta rapida, mediada por processos de
fosforilagdo. Entretanto, parece que a 4NC néo interfere diretamente sobre PFKFB3
em células mamarias humanas. Isto confirma a variedade de mecanismos e efeitos

bioldgicos dos diferentes compostos da ampla classe das chalconas.
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A aplicagdo das chalconas no campo do metabolismo tumoral, pouco
explorada até entdo, emerge como uma possibilidade interessante a terapia
anticancer. No entanto, estudos adicionais sdo necessarios, envolvendo mais
linhagens de cancer de mama e modelos animais para o cancer de mama, incluindo
modelos xenograficos derivados de células tumorais de pacientes. A determinagao
do perfil de farmacocinética/farmacodinamica das chalconas citadas, assim como de
seu mecanismo de acdo em detalhes, sdo desafios importantes a sua utilizacao

futura em estudos clinicos.



98

REFERENCIAS

ABBAS, S. H. et al. New quinoline/chalcone hybrids as anti-cancer agents: Design,
synthesis, and evaluations of cytotoxicity and PI3K inhibitory activity. Bioorganic
Chemistry, v. 82, p. 360-377, 2019.

ABDEL-RAHMAN, M. N.; KABEL, A. M. Comparative study between the effect of
methotrexate and valproic acid on solid Ehrlich tumour. Journal of the Egyptian
National Cancer Institute, v. 24, n. 4, p. 161-167, 2012.

ABDI, S. et al. Coenzyme Q10 in association with metabolism-related
AMPK/PFKFB3 and angiogenic VEGF/VEGFR2 genes in breast cancer patients.
Molecular Biology Reports, v. 47, p. 2459-2473, 2020.

AEBI, H. [13] Catalase in Vitro. Methods in Enzymology, v. 105, n. C, p. 121-126,
1984.

AHMAD, D. A. J. et al. Clinicopathological and prognostic significance of mitogen-
activated protein kinases (MAPK) in breast cancers. Breast Cancer Research and
Treatment, v. 159, p.457-467, 2016.

ALMACELLAS, E. et al. Phosphofructokinases Axis Controls Glucose-Dependent
mTORC1 Activation Driven by E2F1. iScience, v.20, p. 434—448, 2019.

ALVES DE SOUZA, C. E. et al. Ruthenium complex exerts antineoplastic effects that
are mediated by oxidative stress without inducing toxicity in Walker-256 tumor-
bearing rats. Free Radical Biology and Medicine, v. 110, n. June, p. 228-239,
2017.

ATSUMI, T. et al. High expression of inducible 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase (iPFK-2; PFKFB3) in human cancers. Cancer Research, v. 62,
p. 5881-5887, 2002.

BANDO, H. et al. Phosphorylation of the 6-phosphofructo-2-kinase/fructose 2,6-
bisphosphatase/PFKFB3 family of glycolytic regulators in human cancer. Clinical
Cancer Research, v. 11, n. 16, p. 5784-5792, 2005.

BANOTH, R. K.; THATIKONDA, A. A Review on Natural Chalcones an Update.
International Journal of Pharmaceutical Sciences and Research, v. 11, n. 2, p.
546-555, 2020.

BAZZICHETTO, C. et al. PTEN as a prognostic/predictive biomarker in cancer: An
unfulfilled promise? Cancers, v. 11, n. 4, p. 435, 2019.

BEDNARCZYK, M. et al. Genes involved in the regulation of different types of
autophagy and their participation in cancer pathogenesis. Oncotarget, v. 9, n. 76, p.
34413-34428, 2018.

BEN-SAHRA, I. et al. Stimulation of de Novo Pyrimidine Synthesis by Growth



99

Signaling Through mTOR and S6K1. Science, v. 339, n. 6125, p. 1323-1328, 15
mar. 2013.

BERTHEAU, P. et al. P53 in breast cancer subtypes and new insights into response
to chemotherapy. Breast, v. 22, s. 2, p. s27-s29, 2013.

BOHM, B. A. Chalcones, Aurones and Dihydrochalcones. The Flavonoids, p. 442—
504, 1975.

BLOIS, M. S. Antioxidant determinations by the use of a stable free radical [10].
Nature, v. 181, n. 4617, p. 1199-1200, 1958.

BORTOLOTTO, L. F. B. et al. Cytotoxicity of trans-chalcone and licochalcone A
against breast cancer cells is due to apoptosis induction and cell cycle arrest.
Biomedicine and Pharmacotherapy, v. 85, p. 425-433, 2016.

BOSCARO, C. et al. Non-genomic mechanisms in the estrogen regulation of
glycolytic protein levels in endothelial cells. The FASEB Journal, v. 34, n. 9, p.
12768-12784, 2020.

BRADFORD, M. M. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry, v. 72, n. 1-2, p. 248-254, out. 1976.

BRAY, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA: A Cancer Journal for
Clinicians, v. 68, n. 6, p. 394-424, 2018.

CAIRNS, R. A.; HARRIS, I. S.; MAK, T. W. Regulation of cancer cell metabolism.
Nature Reviews Cancer, v. 11, n. 2, p. 85-95, 2011.

CANTELMO, A. R. et al. Inhibition of the glycolytic activator PFKFB3 in endothelium
induces tumor vessel normalization, impairs metastasis, and improves
chemotherapy. Cancer Cell, v.30, n.6, p. 968-985, 2016.

CAQO, B. et al. Benchmarking life expectancy and cancer mortality: Global
comparison with cardiovascular disease 1981-2010. BMJ (Online), v. 357, n. June,
p. 1-11, 2017.

CARPIO AREVALDO, J. M. et al. Preparation and characterization of 4-nitrochalcone-
folic acid-poly(methyl methacrylate) nanocapsules and cytotoxic activity on HeLa and
NIH3T3 cells. Journal of Drug Delivery Science and Technology, v. 54, n.
September, p. 101300, 2019.

CASTAGNOLLI, L. et al. Intratumor lactate levels reflect HER2 addiction status in
HERZ2-positive breast cancer. Journal of Cellular Physiology, v. 234, n. 2, p. 1768—
1779, 2019.

CHABNER, B. A.; ROBERTS, T. G. Chemotherapy and the war on cancer. Nature
Reviews Cancer, v. 5, n. 1, p. 65-72, 2005.



100

CHAVEZ-DOMINGUEZ, R. et al. The Double-Edge Sword of Autophagy in Cancer:
From Tumor Suppression to Pro-tumor Activity. Frontiers in Oncology, v. 10, n.
October, p. 1-19, 2020.

CHEN, D. P. et al. Glycolytic activation of peritumoral monocytes fosters immune
privilege via the PFKFB3-PD-L1 axis in human hepatocellular carcinoma. Journal of
Hepatology, v. 71; p. 333-343, 2019.

CHEN, F. A.; WU, A. B.; CHEN, C. Y. The influence of different treatments on the
free radical scavenging activity of burdock and variations of its active components.
Food Chemistry, v. 86, n. 4, p. 479-484, 2004.

CHEN, H. Y. et al. Isoliquiritigenin induces autophagy and inhibits ovarian cancer cell
growth. International Journal of Molecular Sciences, v. 18, n. 10, 2017.

CHEN, L. et al. PFKFB3 Control of Cancer Growth by Responding to Circadian Clock
Outputs. Scientific Reports, v. 6, 2016.

CHEN, L. et al. Inhibition of the p38 kinase suppresses the proliferation of human
ER-negative breast cancer cells. Cancer Research, v. 69, n. 23, p. 8853-8861,
20009.

CHESNEY, J. A. et al. Targeting 6-phosphofructo-2-kinase (PFKFB3) as an
immunotherapeutic strategy. Journal of Clinical Oncology, v. 34, s. 15, 2016.

CHU, J.; GUO, C. L. Design and Discovery of Some Novel Chalcones as Antioxidant
and Anti-Inflammatory Agents via Attenuating NF-kB. Archiv der Pharmazie, v. 349,
n. 1, p. 63-70, 2016.

CLEM, B. et al. Small-molecule inhibition of 6-phosphofructo-2-kinase activity
suppresses glycolytic flux and tumor growth. Molecular Cancer Therapeutics, v. 7,
n. 1, p. 110-120, 2008.

CONRADI, L. C. et al. Tumor vessel disintegration by maximum tolerable PFKFB3
blockade. Angiogenesis, v. 20, p. 599-613, 2017.

CORDEIRO, A. P. et al. In vitro synergic activity of diethyldithiocarbamate and 4-
nitrochalcone loaded in beeswax nanoparticles against melanoma (B16F10) cells.
Materials Science and Engineering C, v. 120, n. September 2019, 2021.

CORDERO-ESPINOZA, L.; HAGEN, T. Increased concentrations of fructose 2,6-
bisphosphate contribute to the Warburg effect in phosphatase and tensin homolog
(PTEN)-deficient cells. Journal of Biological Chemistry, v. 288, n. 50, p. 36020—
36028, 2013.

CZOK, R.; LAMPRECHT, W. Pyruvate, phosphoenolpyruvate and d-glycerate-2-
phosphate. In: HANS-UIRICH BERGMEYER (Ed.). Methods of enzymatic analysis.



101

New York: Academic Press Inc.;1974.p. 1446—1451.

DAS, M.; MANNA, K. Chalcone Scaffold in Anticancer Armamentarium: A Molecular
Insight. Journal of Toxicology, v. 2016, p. 1-14, 2016.

DE BERARDINIS, R. J.; CHANDEL, N. S. Fundamentals of cancer metabolism.
Science Advances, v. 2, n. 5, 2016.

DIAZ-TIELAS, C. et al. Atividades Bioldgicas e Novas Aplicacdes das Chalconas.
Planta Daninha, v. 34, n. 3, p. 607-616, 2016.

DIBBLE, C. C.; MANNING, B. D. Signal integration by mTORC1 coordinates nutrient
input with biosynthetic output. Nature Cell Biology, v. 15, n. 6, p. 555-564, 3 jun.
2013.

DIMMOCK, J. R. et al. Correlations between cytotoxicity and topography of some 2-
arylidenebenzocycloalkanones determined by X-ray crystallography. Journal of
Medicinal Chemistry, v. 45, n. 14, p. 3103-3111, 2002.

DOMENECH, E. et al. AMPK and PFKFB3 mediate glycolysis and survival in
response to mitophagy during mitotic arrest. Nature Cell Biology, v. 171, n. 10, p.
1304-1316, 2015.

DONG, Y. et al. Regulation of cancer cell metabolism: oncogenic MYC in the driver’s
seat. Signal Transduction and Targeted Therapy, v. 5, n. 1, 2020.

DOS SANTOS, P. C. M. et al. Antitumor activity associated with hyperthermia and 4-
nitrochalcone loaded in superparamagnetic poly(thioether-ester) nanoparticles.
Journal of Biomaterials Science, Polymer Edition, v. 31, n. 15, p. 1895-1911,
2020.

DUVEL, K. et al. Activation of a Metabolic Gene Regulatory Network Downstream of
mTOR Complex 1. Molecular Cell, v. 39, n. 2, p. 171-183, jul. 2010.

EBY, W. M.; TABATABAI, M. A.; BURSAC, Z. Hyperbolastic modeling of tumor
growth with a combined treatment of iodoacetate and dimethylsulphoxide. BMC
Cancer, v. 10, 2010.

FADAKA, A. et al. Biology of glucose metabolization in cancer cells. Journal of
Oncological Sciences, v. 3, n. 2, p. 45-51, 2017.

FAUSTINO-ROCHA, A. et al. Estimation of rat mammary tumor volume using caliper
and ultrasonography measurements. Lab Animal, v. 42, n. 6, p. 217-224, 2013.

FENG, Y.; WU, L. mTOR up-regulation of PFKFB3 is essential for acute myeloid
leukemia cell survival. Biochemical and Biophysical Research Communications,
v. 483, n. 2, p. 897-903, 2017.

FEOKTISTOVA, M.; GESERICK, P.; LEVERKUS, M. Crystal violet assay for
determining viability of cultured cells. Cold Spring Harbor Protocols, v. 2016, n. 4,



102

p. 343-346, 2016.

FISUSI, F. A.; AKALA, E. O. Drug Combinations in Breast Cancer Therapy.
Pharmaceutical Nanotechnology, v. 7, n. 1, p. 3-23, 2019.

FRANKEN, N. A. P. et al. Clonogenic assay of cells in vitro. Nature Protocols, v. 1,
n. 5, p. 2315-2319, 2006.

FRANKLIN, D. et al. P53 coordinates DNA repair with nucleotide synthesis by
suppressing PFKFB3 expression and promoting the pentose phosphate pathway.
Scientific Reports, v. 6, 2016.

GALLAGHER, F. A. et al. Imaging breast cancer using hyperpolarized carbon-13
MRI. Proceedings of the National Academy of Sciences of the United States of
America, v. 117, n. 4, p. 2092-2098, 2020.

GANDHI, N.; DAS, G. Metabolic Reprogramming in Breast Cancer and Its
Therapeutic Implications. Cells, v. 8, n. 2, p. 89, 2019.

GAO, R. et al. Mechanism of pyrogallol autoxidation and determination of superoxide
dismutase enzyme activity. Bioelectrochemistry and Bioenergetics, v. 45, n. 1, p.
41-45, 1998.

GASCO, M. et al. The p53 pathway in breast cancer. Breast Cancer Research, v. 4,
n. 2, p. 70-76, 2002.

GE, X. et al. Overexpression of miR-206 suppresses glycolysis, proliferation and
migration in breast cancer cells via PFKFB3 targeting. Biochemical and
Biophysical Research Communications, v. 463, n. 4, p. 1115-1121, 2015.

GE, X. et al. Sonic hedgehog stimulates glycolysis and proliferation of breast cancer
cells: Modulation of PFKFB3 activation. Biochemical and Biophysical Research
Communications, v. 464, n. 3, p. 862-868, 2015.

GIL, J.; PESZ, K. A.; SASIADEK, M. M. May autophagy be a novel biomarker and
antitumor target in colorectal cancer? Biomarkers in Medicine, v. 10, n. 10, p.
1081-1094, 2016.

GO, M.; WU, X.; LIU, X. Chalcones: An Update on Cytotoxic and Chemoprotective
Properties. Current Medicinal Chemistry, v. 12, n. 4, p. 483—499, 1 fev. 2005.

GO, S. et al. The extracellular lactate-to-pyruvate ratio modulates the sensitivity to
oxidative stress-induced apoptosis via the cytosolic NADH/NAD+ redox state.
Apoptosis, v. 26, n. 1-2, p. 38-51, 2021.

GREMKE, N. et al. mMTOR-mediated cancer drug resistance suppresses autophagy
and generates a druggable metabolic vulnerability. Nature Communications, v. 11,
n. 4684, 2020.



103

GU, M. et al. PFKFB3 promotes proliferation, migration and angiogenesis in
nasopharyngeal carcinoma. Journal of Cancer, v. 8, p. 18, p. 3887-3896, 2017.

GUSTAFSSON, N. M. S. et al. Targeting PFKFB3 radiosensitizes cancer cells and
suppresses homologous recombination. Nature Communications, v. 9, n. 3872,
2018.

GUTMANN, |.; WAHLEFELD, W. L-(+)-lactate: determination with lactate
dehydrogenase and NAD. In: Methods of enzymatic analysis, v. 3. p. 1464472,
1974.

HABIG, W. H.; PABST, M. J.; JAKOBY, W. B. Glutathione S transferases. The first
enzymatic step in mercapturic acid formation. Journal of Biological Chemistry, v.
249, n. 22, p. 7130-7139, 1974. HANAHAN, D.; WEINBERG, R. A. The Hallmarks of
Cancer. Cell, v. 100, n. 1, p. 57-70, jan. 2000.

HAMILTON, J. A. et al. Identification of PRG1, a novel progestin-responsive gene
with sequence homology to 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase.
Molecular Endocrinology, v. 11, n. 4, p. 490-502, 1997.

HANAHAN, D.; WEINBERG, R. A. Hallmarks of cancer: The next generation. Cell, v.
144, n. 5, p. 646-674, 2011.

HARBECK, N. et al. Breast cancer. Nature Reviews Disease Primers, v. 5, n. 1, p.
66, 23 dez. 2019.

HARE, S. H.; HARVEY, A. J. mTOR function and therapeutic targeting in breast
cancer. American Journal of Cancer Research, v. 7, n. 3, p. 383—-404, 2017.

HOUDDANE, A. et al. Role of Akt/PKB and PFKFB isoenzymes in the control of
glycolysis, cell proliferation and protein synthesis in mitogen-stimulated thymocytes.
Cellular Signalling, v. 34, p. 23-37, 2017.

HOXHAJ, G.; MANNING, B. D. The PIBK-AKT network at the interface of oncogenic
signalling and cancer metabolism. Nature Reviews Cancer, v. 20, n. 2, p. 74-88, 4
fev. 2020.

IMBERT-FERNANDEZ, Y. et al. Estradiol stimulates glucose metabolism via 6-
phosphofructo-2-kinase (PFKFB3). Journal of Biological Chemistry, v. 289, n. 13,
p. 9440-9448, 2014.

INCA. Estatisticas de cancer. Disponivel em: <https://www.inca.gov.br/numeros-de-
cance>.Acesso em: 01 ago. 2021.

INDRAYANTO, G.; PUTRA, G. S.; SUHUD, F. Validation of in-vitro bioassay
methods: Application in herbal drug research. 1. ed. Elsevier Inc., 2021. v. 46

JIANG, Z. Y.; WOOLLARD, A. C. S.; WOLFF, S. P. Lipid hydroperoxide
measurement by oxidation of Fe2+ in the presence of xylenol orange. Comparison
with the TBA assay and an iodometric method. Lipids, v. 26, n. 10, p. 853—-856,



104

1991.

JIN, J. et al. Cardamonin inhibits breast cancer growth by repressing HIF-1a-
dependent metabolic reprogramming. Journal of Experimental and Clinical
Cancer Research, v. 38, n. 1, p. 1-16, 2019.

JOHANSSON, A. L. V. et al. In modern times, how important are breast cancer
stage, grade and receptor subtype for survival: a population-based cohort study.
Breast Cancer Research, v. 23, n. 1, p. 1-10, 2021.

JUNG, C. H. et al. MTOR regulation of autophagy. FEBS Letters, v. 584, n. 7, p.
1287-1295, 2010.

KACHADOURIAN, R.; DAY, B. J. Flavonoid-induced glutathione depletion: Potential
implications for cancer treatment. Free Radical Biology and Medicine, v. 41, n. 1,
p. 65-76, 2006.

KAR, R. et al. A novel role for MAP1 LC3 in nonautophagic cytoplasmic vacuolation
death of cancer cells. Oncogene, v. 28, n. 28, p. 2556-2568, 2009.

KENDIG, D. M.; TARLOFF, J. B. Inactivation of lactate dehydrogenase by several
chemicals: Implications for in vitro toxicology studies. Toxicology in Vitro, v. 21, n.
1, p. 125-132, 2007.

KENNEDY, K. M. et al. Catabolism of Exogenous Lactate Reveals It as a Legitimate
Metabolic Substrate in Breast Cancer. PLoS ONE, v. 8, n. 9, 2013.

KHABAZ, M. N. et al. Expression of p-AMPK is associated with hormone receptor
phenotypes and lymph node metastasis in breast cancer. International Journal of
Clinical and Experimental Pathology, v. 10, n. 6, p. 7044-7051, 2017.

KHAIRUL, W. M. et al. Synthesis, Molecular Docking and Biological Activity
Evaluation of Alkoxy Substituted Chalcone Derivatives: Potential Apoptosis Inducing
Agent on MCF-7 Cells. Anti-Cancer Agents in Medicinal Chemistry, v. 21, n. 13, p.
1738-1750, 26 jul. 2021.

KLARER, A. et al. Inhibition of 6-phosphofructo-2-kinase (PFKFB3) induces
autophagy as a survival mechanism. Cancer and Metabolism, v. 2, 2014.

KO, B. H. et al. 17B-estradiol augments 18F-FDG uptake and glycolysis of T47D
breast cancer cells via membrane-initiated rapid PI3K-Akt activation. Journal of
Nuclear Medicine, v. 51, n. 11, p. 1740-1747, 2010.

KOTOWSKI, K. et al. Role of pfkfb3 and pfkfb4 in cancer: Genetic basis, impact on
disease development/progression, and potential as therapeutic targets. Cancers, v.
13, n. 4, p. 1-29, 2021.

KOVACIC, P.; SOMANATHAN, R. Nitroaromatic compounds: Environmental toxicity,
carcinogenicity, mutagenicity, therapy and mechanism. Journal of Applied
Toxicology, v. 34, n. 8, p. 810-824, 2014.



105

LA BELLE FLYNN, A. et al. Autophagy inhibition elicits emergence from metastatic
dormancy by inducing and stabilizing Pfkfb3 expression. Nature Communications,
v. 10, n. 3668, 2019.

LAMPADA, A. et al. MTORC1-independent autophagy regulates receptor tyrosine
kinase phosphorylation in colorectal cancer cells via an mTORC2-mediated
mechanism. Cell Death and Differentiation, v. 24, n. 6, p. 1045-1062, 2017.

LAPLANTE, M.; SABATINI, D. M. mTOR Signaling in Growth Control and Disease.
Cell, v. 149, n. 2, p. 274-293, abr. 2012.

LEA, M. A.; GUZMAN, Y.; DESBORDES, C. Inhibition of growth by combined
treatment with inhibitors of lactate dehydrogenase and either phenformin or inhibitors
of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3. Anticancer Research,
v. 36, n. 4, p. 1479-88, 2016.

LEE, C. Y. et al. Computational study of ortho-substituent effects on antioxidant
activities of phenolic dendritic antioxidants. Antioxidants, v. 9, n. 3, p. 1-14, 2020.

LEE, W. J. et al. Nonautophagic cytoplasmic vacuolation death induction in human
PC-3M prostate cancer by curcumin through reactive oxygen species -mediated
endoplasmic reticulum stress. Scientific Reports, v. 5, n. April, p. 1-14, 2015.

LESLIE, E. M.; DEELEY, R. G.; COLE, S. P. C. Bioflavonoid Stimulation of
Glutathione Transport by the 190-kDa Multidrug Resistance Protein 1 (MRP1). Drug
Metabolism and Disposition, v. 31, n. 1, p. 11-15, 1 jan. 2003.

LEVINE, B.; KLIONSKY, D. J. Development by self-digestion: Molecular mechanisms
and biological functions of autophagy. Developmental Cell, v. 6, n. 4, p. 463-477,
2004.

LEVINE, B.; KROEMER, G. Autophagy in the Pathogenesis of Disease. Cell, v. 132,
n. 1, p. 27-42, 2008.

LEVY, J. M. M.; TOWERS, C. G.; THORBURN, A. Targeting autophagy in cancer.
Nature Reviews Cancer, v. 17, n. 9, p. 528-542, 2017.

LI, F. L. et al. Acetylation accumulates PFKFB3 in cytoplasm to promote glycolysis
and protects cells from cisplatin-induced apoptosis. Nature Communications, v. 9,
n. 508, 2018.

LI, H. et al. Targeting PISBK/AKT/mTOR Signaling Pathway in Breast Cancer.
Cancers, v. 13, n. 14, p. 3517, 14 jul. 2021.

LI, H. M. et al. Blockage of glycolysis by targeting PFKFB3 suppresses tumor growth
and metastasis in head and neck squamous cell carcinoma. Journal of
Experimental and Clinical Cancer Research, v. 36, n. 1, 2017.



106

LI, S. et al. By inhibiting PFKFB3, aspirin overcomes sorafenib resistance in
hepatocellular carcinoma. International Journal of Cancer, v. 141, n. 12, p. 2571-
2584, 2017.

LI, X. et al. Expression of PFKFB3 and Ki67 in lung adenocarcinomas and targeting
PFKFB3 as a therapeutic strategy. Molecular and Cellular Biochemistry, v. 445, n.
1-2, p. 123-134, 2018.

LIBERTI, M. V.; LOCASALE, J. W. The Warburg Effect: How Does it Benefit Cancer
Cells? Trends in Biochemical Sciences, v. 41, n. 3, p. 211-218, 2016.

LIM, J.; MURTHY, A. Targeting Autophagy to Treat Cancer: Challenges and
Opportunities. Frontiers in Pharmacology, v. 11, n. November, p. 1-13, 2020.

LIM, Y. H. et al. Synthesis, characterization, and anti-cancer activity of new chalcone
derivatives containing naphthalene and fluorine moieties. Drug Development
Research, v. 81, n. 8, p. 994-1003, 2020.

LIM, S. O. et al. EGFR signaling enhances aerobic glycolysis in triple-negative breast
cancer cells to promote tumor growth and immune escape. Cancer Research, v. 76,
n. 5, p. 1284-1296, 2016.

LIPINSKI, C. A. et al. Experimental and computational approaches to estimate
solubility and permeability in drug discovery and development settings 1PIl of original
article: S0169-409X(96)00423-1. The article was originally published in Advanced
Drug Delivery Reviews 23 (1997) . Advanced Drug Delivery Reviews, v. 46, n. 1-3,
p. 3—26, mar. 2001.

LIU, J. et al. Tumor suppressor p53 and metabolism. Journal of Molecular Cell
Biology, v. 11, n. 4, p. 284-292, 1 abr. 2019.

LIU, J. et al. Long noncoding RNA AGPG regulates PFKFB3-mediated tumor
glycolytic reprogramming. Nature Communications, v. 11, n. 1507, 2020.

LIU, J. et al. Tumor suppressor p53 and metabolism. Journal of Molecular Cell
Biology, v, 11, n. 4, p. 284-292, 2019.

LIU, X. The synergistic effect of PFK15 with metformin exerts anti-myeloma activity
via PFKFB3. Biochemical and Biophysical Research Communications, v. 515, n.
2, p. 332-338, 2019.

LIVAK, K. J.; SCHMITTGEN, T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2-AACT method. Methods, v. 25, n. 4, p. 402—
408, 2001.

LU, C. et al. Positive regulation of PFKFB3 by PIM2 promotes glycolysis and
paclitaxel resistance in breast cancer. Clinical and Translational Medicine, v. 11, n.
4, p. e400, 2021.



107

MA, H. et al. c-Src Promotes Tumorigenesis and Tumor Progression by Activating
PFKFB3. Cell Reports, v. 30, n. 12, p. 4235-4249.e6, 2020.

MA, J. H.; QIN, L.; LI, X. Role of STAT3 signaling pathway in breast cancer. Cell
Communication and Signaling, v. 18, n. 1, p. 33, 2020.

MACUT, H. et al. Tuning PFKFB3 Bisphosphatase Activity Through Allosteric
Interference. Scientific Reports, v. 9, n. 20333, 2019.

MADONNA, M. C. et al. Optical imaging of glucose uptake and mitochondrial
membrane potential to characterize HER2 breast tumor metabolic phenotypes.
Molecular Cancer Research, v. 17, n. 7, p. 1545-1555., 2019.

MADU, C. et al. Angiogenesis in breast cancer progression, diagnosis, and
treatment. Journal of Cancer, v. 11, n. 15, p. 4474—-4494, 2020.

MAGAWAY, C.; KIM, E.; JACINTO, E. Targeting mTOR and Metabolism in Cancer:
Lessons and Innovations. Cells, v. 8, n. 12, 2019.

MAI, C. W. et al. Chalcones with electron-withdrawing and electron-donating
substituents: Anticancer activity against TRAIL resistant cancer cells, structure-
activity relationship analysis and regulation of apoptotic proteins. European Journal
of Medicinal Chemistry, v. 77, p. 378-387, 2014.

MAHAPATRA, D. K.; BHARTI, S. K.; ASATI, V. Anti-cancer chalcones: Structural and
molecular target perspectives. European Journal of Medicinal Chemistry, v. 98, p.
69-114, 2015.

MAHER, J. C. et al. Greater cell cycle inhibition and cytotoxicity induced by 2-deoxy-
D-glucose in tumor cells treated under hypoxic vs aerobic conditions. Cancer
Chemotherapy and Pharmacology, v. 53, n. 2, p. 116-22, 2004.

MATEEVA, N. et al. Functional evaluation of synthetic flavonoids and chalcones for
potential antiviral and anticancer properties. Bioorganic & Medicinal Chemistry
Letters, v. 27, n. 11, p. 2350-2356, jun. 2017.

MATSUMOTO, K. et al. Inhibition of glycolytic activator PFKFB3 suppresses tumor
growth and induces tumor vessel normalization in hepatocellular carcinoma. Cancer
letters, Ireland, v. 500, p. 29-40, 2021.

MENDOZA, E. E. et al. Control of glycolytic flux by AMP-activated protein kinase in
tumor cells adapted to low ph1. Translational Oncology, v. 5, n. 3, p. 208-216,
2012.

MINCHENKO, O.; OPENTANOVA, I.; CARO, J. Hypoxic regulation of the 6-
phosphofructo-2-kinase/fructose-2,6- bisphosphatase gene family (PFKFB-1-4)
expression in vivo. FEBS Letters, v. 554, n. 3, p. 264-270, 2003.

MISHRA, S. et al. Subcutaneous Ehrlich Ascites Carcinoma mice model for studying
cancer-induced cardiomyopathy. Scientific Reports, v. 8, n. 1, p. 1-11, 2018.



108

MIZUSHIMA, N.; YOSHIMORI, T. How to interpret LC3 immunoblotting. Autophagy,
v. 3, n. 6, p. 542-545, 2007.

MOHAMED, M. F.; IBRAHIM, N. S.; EL-MANAWATY, M. A. Cytotoxic activity ,
apoptosis induction and cell cycle arrest in human breast cancer ( MCF7 ) cells by a
novel fluorinated tetrahydro-[1,2,4]triazolo[3,4-a] isoquinolin chalcones. Research
Square, 2021.

MONDAL, S. et al. Therapeutic targeting of PFKFB3 with a novel glycolytic inhibitor
PFK158 promotes lipophagy and chemosensitivity in gynecologic cancers.
International Journal of Cancer, v. 144, n. 1, p. 178-18, 2019.

MONISHA, E. et al. Antioxidant, Anti-inflammatory and Antidiabetic Activity of Some
Novel Chalcone and Piperidine Derivatives. International Research Journal of
Pharmacy and Medical Sciences, v. 2, n. 1, p. 6-12, 2018.

MOSSMANN, D.; PARK, S.; HALL, M. N. mTOR signalling and cellular metabolism
are mutual determinants in cancer. Nature Reviews Cancer, v. 18, n. 12, p. 744—
757, 2018.

MUCHTARIDI, M. et al. Cytotoxicity of chalcone of eugenia aquea burm F. leaves
against T47D breast cancer cell lines and its prediction as an estrogen receptor
antagonist based on pharmacophore-molecular dynamics simulation. Advances and
Applications in Bioinformatics and Chemistry, v. 12, p. 33—43, 2019.

MURAR, M. et al. Synthesis of glycolysis inhibitor (E)-3-(pyridin-3-yl)-1-(pyridin-4-
yl)prop-2-en-1-one (3PO) and its inhibition of HUVEC proliferation alone or in a
combination with the multi-kinase inhibitor sunitinib. Chemical Papers, v. 72, p.
2979-2985, 2018.

NASCIMENTO, R. G. DO; OTONI, K. M. Histological and molecular classification of
breast cancer: what do we know? Mastology, v. 30, p. 1-8, 2020.

NINOMIYA, M.; KOKETSU, M. Minor Flavonoids (Chalcones, Flavanones,
Dihydrochalcones, and Aurones). In: Natural Products. Berlin, Heidelberg: Springer
Berlin Heidelberg, 2013. p. 1867-1900.

NYGREN, P. What is cancer chemotherapy? Acta Oncologica, v. 40, n. 2-3, p.
166—-174, 2001.

NIYAZ, M.; KHAN, M.; MUDASSAR, S. Hedgehog Signaling: An Achilles’ Heel in
Cancer. Translational Oncology, v. 12, n. 10, p. 1334-1344, 2019.

NOVELLASDEMUNT, L. et al. PFKFB3 activation in cancer cells by the p38/MK2
pathway in response to stress stimuli. Biochemical Journal, v. 452, n. 3, p. 531-43,
2013.



109

NOVELLASDEMUNT, L. et al. Progestins activate 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) in breast cancer cells. Biochemical
Journal, v. 442, n. 2, p. 345-356, 2012.

NOWAKOWSKA, Z. A review of anti-infective and anti-inflammatory chalcones.
European Journal of Medicinal Chemistry, v. 42, n. 2, p. 125-137, 2007.

O’NEAL, J. et al. Inhibition of 6-phosphofructo-2-kinase (PFKFB3) suppresses
glucose metabolism and the growth of HER2+ breast cancer. Breast Cancer
Research and Treatment, v. 160, p. 29-40, 2016.

OBACH, M. et al. 6-Phosphofructo-2-kinase (pfkfb3) Gene Promoter Contains
Hypoxia-inducible Factor-1 Binding Sites Necessary for Transactivation in Response
to Hypoxia. Journal of Biological Chemistry, v. 279, n. 51, p. 53562-53570, 2004.

OCANA, M. C. et al. Glucose favors lipid anabolic metabolism in the invasive breast
cancer cell line MDA-MB-231. Biology, v. 9, n. 16, 2020.

OKAR, D. A. et al. PFK-2/FBPase-2: Maker and breaker of the essential biofactor
fructose-2,6-bisphosphate. Trends in Biochemical Sciences, v. 26, n. 1, p. 30-35,
2001.

OUYANG, Y. et al. Chalcone derivatives: Role in anticancer therapy. Biomolecules,
v. 11, n. 6, p. 1-36, 2021.

OZCAN ARICAN, G.; OZALPAN, A. Evaluation of the effect of paclitaxel, epirubicin
and tamoxifen by cell kinetics parameters in estrogen-receptor-positive Ehrlich
Ascites Tumor (EAT) cells growing in vitro. Acta Biologica Hungarica, v. 58, n. 1, p.
49-59, 2007.

PANKIV, S. et al. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of
ubiquitinated protein aggregates by autophagy. Journal of Biological Chemistry, v.
282, n. 33, p. 24131-24145, 2007.

PAPLOMATA, E.; OREGAN, R. The PISBK/AKT/mTOR pathway in breast cancer:
Targets, trials and biomarkers. Therapeutic Advances in Medical Oncology, v. 6,
n. 4, p. 154-66, 2014.

PARKER, J. Glucose metabolism , energy production and regulation of cellular and
whole-body metabolism. ACNEM Journal, v. 39, n. 1, p. 29-33, 2020.

PAVELIC, K. et al. In vivo and in vitro effect of progesterone on the growth of some
mouse and human tumours. Research in Experimental Medicine, v. 183, n. 3, p.
183-191, 1983.

PENG, F. et al. PFKFB3 is involved in breast cancer proliferation, migration, invasion
and angiogenesis. International Journal of Oncology, v. 52, n. 3, p. 945-954,
2018.

PEROU, C. M. et al. Molecular portraits of human breast tumours. Nature, v. 406, n.



110

6797, p. 747-752, 2000.

POLYAK, K. Breast cancer: Origins and evolution. Journal of Clinical
Investigation, v. 117, n. 11, p. 3155-3163, 2007.

PRIVAT, M. et al. BRCA1 induces major energetic metabolism reprogramming in
breast cancer cells. PLoS ONE, v. 9, n. 7, 2014.

RAHIB, L. et al. Estimated Projection of US Cancer Incidence and Death to 2040.
JAMA Network Open, v. 4, n. 4, p. 1-14, 2021.

REDMAN, R. A. et al. A phase |, dose-escalation, multi-center study of PFK-158 in
patients with advanced solid malignancies explores a first-in-man inhbibitor of
glycolysis. Journal of Clinical Oncology, v. 33, s. 13, 2015.

REID, M. A. et al. IKKB promotes metabolic adaptation to glutamine deprivation via
phosphorylation and inhibition of PFKFB3. Genes and Development, v. 30, p. 1-15,
2016.

RICHARDSON, D. A. et al. Metabolic regulation of calcium pumps in pancreatic
cancer: role of phosphofructokinase-fructose-bisphosphatase-3 (PFKFB3). Cancer &
Metabolism, v. 8, n. 2, 2020.

RIDER, M. H. et al. 6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase: Head-to-
head with a bifunctional enzyme that controls glycolysis. Biochemical Journal, v.
381, p. 561-79, 2004.

ROMERO-GARCIA, S. et al. Lactate contribution to the tumor microenvironment:
Mechanisms, effects on immune cells and therapeutic relevance. Frontiers in
Immunology, v. 7, n. 52, 2016.

RUPARELIA, K. et al. The synthesis of chalcones as anticancer prodrugs and their
bioactivation in CYP1 expressing breast cancer cells. Medicinal Chemistry, v. 14, n.
August 2019, 2018.

SABZEVARI, O. et al. Molecular cytotoxic mechanisms of anticancer
hydroxychalcones. Chemico-Biological Interactions, v. 148, n. 1-2, p. 57-67,
2004.

SAITO, Y. et al. a-Trifluoromethyl Chalcones as Potent Anticancer Agents for
Androgen Receptor-Independent Prostate Cancer. Molecules, v. 26, n. 9, 2021.

SARKAR, D. K. et al. Role of NF-kB as a Prognostic Marker in Breast Cancer: A Pilot
Study in Indian Patients. Indian Journal of Surgical Oncology, v. 4, n. 3, p. 242—
247, 2013.

SEDLAK, J.; LINDSAY, R. H. Estimation of total, protein-bound, and nonprotein
sulfhydryl groups in tissue with Ellman’s reagent. Analytical Biochemistry, v. 25, n.
C, p. 192-205, 1968.



111

SENGUPTA, S. et al. Abstract 907: Targeting glycolysis enzyme, PFKFB3, in
endocrine therapy resistant breast cancers. In: AACR Annual Meeting 2018. Cancer
Research, v. 78, n. 13, 2018.

SHI, D. et al. Glycolysis inhibition via mTOR suppression is a key step in
cardamonin-induced autophagy in SKOV3 cells 06 Biological Sciences 0601
Biochemistry and Cell Biology. BMC Complementary and Alternative Medicine, v.
18, n. 1, p. 1-8, 2018.

SHI, W. K. et al. PFKFB3 blockade inhibits hepatocellular carcinoma growth by
impairing DNA repair through AKT article. Cell Death and Disease, v. 9, n. 428,
2018.

SHIRATORI, R. et al. Glycolytic suppression dramatically changes the intracellular
metabolic profile of multiple cancer cell lines in a mitochondrial metabolism-
dependent manner. Scientific Reports, v. 9, n. 18699, 2019.

SIMON-MOLAS, H. et al. Akt mediates TIGAR induction in HeLa cells following
PFKFB3 inhibition. FEBS Letters, v. 590, n. 17, p. 2915-2926, 2016.

SINGHA, P. K. et al. Manumycin A inhibits triple-negative breast cancer growth
through LC3-mediated cytoplasmic vacuolation death. Cell Death and Disease, v. 4,
n. 1, p. 1-10, 2013.

SMART, E.; ALEJO, L. H.; FRASOR, J. Cytoplasmic ERa and NFkB Promote Cell
Survival in Mouse Mammary Cancer Cell Lines. Hormones and Cancer, v. 11, n. 2,
p. 7686, 2020.

SONNENBLICK, A. et al. pAKT pathway activation is associated with PIK3CA
mutations and good prognosis in luminal breast cancer in contrast to p-mTOR
pathway activation. npj Breast Cancer, v. 5, n. 7, 2019.

SORLIE, T. et al. Gene expression patterns of breast carcinomas distinguish tumor
subclasses with clinical implications. Proceedings of the National Academy of
Sciences, v. 98, n. 19, p. 10869-10874, 11 set. 2001.

SORLIE, T. Molecular portraits of breast cancer: Tumour subtypes as distinct disease
entities. European Journal of Cancer, v. 40, n. 18, p. 2667-2675, 2004.

SUN, M. et al. Phosphatidylinositol-3-OH kinase (PI3K)/AKT2, activated in breast
cancer, regulates and is induced by estrogen receptor a (ERa) via interaction
between ERa and PI3K. Cancer Research, v. 61, n. 16, p. 5985-5991, 2001.

SUN, Q. et al. Mammalian target of rapamycin up-regulation of pyruvate kinase
isoenzyme type M2 is critical for aerobic glycolysis and tumor growth. Proceedings
of the National Academy of Sciences of the United States of America, v. 108, n.
10, p. 4129-4134, 2011.

SUN, X. et al. Metabolic Reprogramming in Triple-Negative Breast Cancer. Frontiers
in Oncology, v. 10, n. 428, 2020.



112

SUN, Y. W. et al. Methoxychalcone induces cell-cycle arrest and apoptosis in human
hormone-resistant prostate cancer cells through Pl 3-kinase-independent inhibition of
mTOR pathways. Prostate, v. 70, n. 12, p. 1295-1306, 2010.

TAKESHIMA, H.; USHIJIMA, T. Accumulation of genetic and epigenetic alterations in
normal cells and cancer risk. npj Precision Oncology, v. 3, n. 1, p. 1-8, 2019.

TAPOLSKY, G. H.; CHAND, P. PFKFB3 inhibitor and methods of use as an anti-
cancer therapeutic [patent]. US-9649305-B2, 2017. Disponivel em:
https://patents.google.com/patent/\WO2013148228A1. Acesso em: 21 ago 2021.

TIETZE, F. Enzymic method for quantitative determination of nanogram amounts of
total and oxidized glutathione: Applications to mammalian blood and other tissues.
Analytical Biochemistry, v. 27, n. 3, p. 502-522, 1969.

TORRES-ARZAYUS, M. |. et al. Estrogen-Dependent and Estrogen-Independent
Mechanisms Contribute to AIB1-Mediated Tumor Formation. Cancer Research, v.
70, n. 10, p. 4102—4111, 15 maio 2010.

TORRING, M. L. Cancer and the limits of longevity. BMJ (Online), v. 357, p. 1-2,
2017.

TREFELY, S. et al. Kinome screen identifies PFKFB3 and glucose metabolism as
important regulators of the insulin/insulin-like growth factor (IGF)-1 signaling pathway.
Journal of Biological Chemistry, v. 290, n. 43, p. 25834-25846, 2015.

TSANG, J. Y. S.; TSE, G. M. Molecular Classification of Breast Cancer. Advances in
Anatomic Pathology, v. 27, n. 1, p. 27-35, 2020.

TUDZAROVA, S. et al. Two ubiquitin ligases, APC/C-Cdh1 and SKP1-CUL1-F
(SCF)-B-TrCP, sequentially regulate glycolysis during the cell cycle. Proceedings of
the National Academy of Sciences of the United States of America, v. 108, n. 13,
p. 5278-5283, 2011.

TURASHYVILI, G.; BROGI, E. Tumor heterogeneity in breast cancer. Frontiers in
Medicine, v. 4, n. DEC, 2017.

VIA, L. D. et al. DNA-targeting pyrroloquinoline-linked butenone and chalcones:
Synthesis and biological evaluation. European Journal of Medicinal Chemistry, v.
44, n. 7, p. 2854-2861, 2009.

VICENT, G. P. et al. Induction of Progesterone Target Genes Requires Activation of
Erk and Msk Kinases and Phosphorylation of Histone H3. Molecular Cell, v. 24, n. 3,
p. 367-381, 2006.

WANG, Y. et al. Upregulation of 6-phosphofructo-2-kinase (PFKFB3) by
hyperactivated mammalian target of rapamycin complex 1 is critical for tumor growth
in tuberous sclerosis complex. IUBMB Life, v. 72, n. 5, p. 965-977, 2020.



113

WANG, Y. et al. PFKFB3 inhibitors as potential anticancer agents: Mechanisms of
action, current developments, and structure-activity relationships. European Journal
of Medicinal Chemistry, v. 203, n. 112612, 2020.

WANI, Z. A. et al. A novel quinazolinone chalcone derivative induces mitochondrial
dependent apoptosis and inhibits PISK/Akt/mTOR signaling pathway in human colon
cancer HCT-116 cells. Food and Chemical Toxicology, v. 87, p. 1-11, 2016.

WARBURG, O. The metabolism of carcinoma cells 1. The Journal of Cancer
Research, v. 9, n. 1, p. 148-163, 1925.

WARBURG, Otto; WIND, Franz; NEGELEIN, Erwin. The metabolism of tumors in the
body. Journal of General Physiology, v. 8, n. 6, p. 519-530, 1927.

WEERAPREEYAKUL, N. et al. Evaluation of the anticancer potential of six herbs
against a hepatoma cell line. Chinese Medicine (United Kingdom), v. 7, p. 1-7,
2012.

WELSH, A. W. et al. Cytoplasmic estrogen receptor in breast cancer. Clinical
Cancer Research, v. 18, n. 1, p. 118-126, 2012.

WHO. Noncommunicable diseases. 2021a. Disponivel em:
https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases>.
Acesso em: 15 ago. 2021.

WHO. 2021b. Breast cancer now most common form of cancer: WHO taking
action. Disponivel em: <www.who.int/news/item/03-02-2021-breast-cancer-now-
most-common-form-of-cancer-who-taking-action>. Acesso em: 01 set. 2021.

WILCOCK, P.; WEBSTER, R. M. The breast cancer drug market. Nature reviews.
Drug discovery, v. 20, n. 5, p. 339-340, 2021.

WILD, C.; WEIDERPASS, E.; STERWART, B. World Cancer Report: Cancer
Research for Cancer Prevention. Lyon: International agency for research on
cancer, 2020, 612p.

XIANG, T. et al. Negative regulation of AKT activation by BRCA1. Cancer Research,
v. 68, n. 24, 2008.

XIAOQ, Y. et al. Inhibition of PFKFB3 induces cell death and synergistically
enhances chemosensitivity in endometrial cancer. Oncogene, v. 40, n. 8, p. 1409—
1424, 2021.

YALCIN, A. et al. 6-Phosphofructo-2-kinase (PFKFB3) promotes cell cycle
progression and suppresses apoptosis via Cdk1-mediated phosphorylation of p27.
Cell Death and Disease, v. 5, n. e1337, 2014.

YAN, S. et al. 6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase isoform 3
spatially mediates autophagy through the AMPK signaling pathway. Oncotarget, v.
8, n. 46, p. 80909-80922, 2017.



114

YARDEN, R. |.; PAPA, M. Z. BRCA1 at the crossroad of multiple cellular pathways:
Approaches for therapeutic interventions. Molecular Cancer Therapeutics, v. 5, n.
6, p. 1396-1404, 2006.

Y1, Y. et al. Transcriptional suppression of AMPKa1 promotes breast cancer
metastasis upon oncogene activation. Proceedings of the National Academy of
Sciences of the United States of America, v. 117, n. 14, p. 8013-8021, 2020.

YOSHII, S. R.; MIZUSHIMA, N. Monitoring and measuring autophagy. International
Journal of Molecular Sciences, v. 18, n. 9, p. 1-13, 2017.

YUN, C. W.; LEE, S. H. The roles of autophagy in cancer. International Journal of
Molecular Sciences, v. 19, n. 11, p. 1-18, 2018.

ZHANG, J. et al. Dual inhibition of PFKFB3 and VEGF normalizes tumor vasculature,
reduces lactate production, and improves chemotherapy in glioblastoma: Insights
from protein expression profiling and MRI. Theranostics, v. 10, n. 16, p. 7245-7259,
2020.

ZHU, W. et al. PFK15, a small molecule inhibitor of PFKFB3, induces cell cycle
arrest, apoptosis and inhibits invasion in gastric cancer. PLoS ONE, v. 11, n. 9,
2016.

ZHU, Y. et al. Targeting PFKFB3 sensitizes chronic myelogenous leukemia cells to
tyrosine kinase inhibitor. Oncogene, v. 37, p. 2837-2849, 2018.

ZHUANG, C. et al. Chalcone: A Privileged Structure in Medicinal Chemistry.
Chemical Reviews, v. 117, n. 12, p. 7762-7810, 2017.

ZOHNY, M. H.; KHALIL, R. M.; EL-SHISHTAWY, M. M. Acta Scientific Women ’ s
Health Modulatory Effects of Taurine Combined with Letrozole on Ehrlich Ascites
Carcinoma in Mice. v. 1, n. 5, p. 2-11, 2019.



