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What is pH?

Hydronium ions: [𝐇𝟑𝐎
+

]

1) Dissociation product of water:   2 H2O ⇄ H3O
+ + OH −

2) Present in very low concentrations (10-7 M)

3) High mobility 
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What is pH?

Sörenson (1909):

pH = - log [H3O
+]
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What is pH?

Sörenson (1909):

pH = - log [1 x 10 − 5]
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What is pH?

Sörenson (1909):

pH = −(−5.0) = 5.0
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What is pH?
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± 1 pH unit             ± 10 x [H3O+]
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100 x [H3O+] [H3O+]

INTRODUCTION TO PH



What is pH?

Acidic                 [H3O+] ˃    [OH-]              pH ˂ 7                

Basic                  [H3O+]    ˂    [OH-] pH ˃ 7 

Neutral                [H3O+]    =    [OH-]              pH = 7    

INTRODUCTION TO PH



Intracellular pH in normal cells: measurement with pH indicators

INTRODUCTION TO PH

pH indicators: BCECF, AM

• Ratiometric probe (dual-excitation at 490 

nm and 440 nm, detection at 535 nm)

• Cell permeant in ester form

• pH range from 6.2 to 9.5

COOH

HOOC

Intracellular esterase

Non fluorescent

Non fluorescent

Free acid Fluorescent



Intracellular pH in normal cells

From Casey J.R. et al., Nat Rev Mol Cell Biol, 2009

pHi = 7.2

pHe = ~ 7.4

INTRODUCTION TO PH

pH indicators: BCECF, AM

• Ratiometric probe (dual-

excitation at 490 nm and 440 

nm, detection at 535 nm)

• Cell permant

• pH range from 6.2 to 9.5



From Casey J.R. et al., Nat Rev Mol Cell Biol, 2009

pHi = 6.8 – 7.2

pHe = ~ 7.4

INTRODUCTION TO PH

Intracellular pH in normal cells



Intracellular pH: why is it important?

Virtually all proteins depend on pH to maintain structure and function (Ex. Enzymes):

The proton-motive force is key to the generation and conversion of cellular energy:

INTRODUCTION TO PH



Intracellular pH: why is it important?

Every cellular process can be affected by changes in intracellular pH

▪ Metabolism

▪ Membrane potential

▪ Cell growth and proliferation                                                                       

▪ Movement of substances across the membrane

▪ Polymerization of the cytoskeleton, etc

NEED FOR PH REGULATORY 
MECHANISMS

INTRODUCTION TO PH



Intracellular pH: how is it regulated?

1. Intrinsic buffer capacity of intracellular weak acids and bases 
(phosphate groups, aa’s side chains)

2. HCO3
- buffer capacity:

For fast, localized pHi changes

INTRODUCTION TO PH



Intracellular pH: how is it regulated?
Steady-state pHi depends on the balance between chronic acid extruders and chronic acid loaders. Every extrusion of H+
or intrusion of HCO3- will increase the pH. Eevery intake of H+ or extracellular fluxes of HCO3-, will decrease pH

WF Boron, Advances in Physiology Education, 2004

Passive fluxes



Intracellular pH: how is it regulated?
Chronic acid and alkali loads produced by passive fluxes of charged weak acids and bases across the plasma
membrane. In this example, we assume that the cytosolic pH is 7.2 and that the transmembrane voltage is −60
mV.

WF Boron, Advances in Physiology Education, 2004



pH in cancer cells:

From Bradley A. et al. Nature reviews, 2011

ACIDIC TUMOR MICROENVIRONMENT

Reversed gradient in cancer cells

The intracellular pH (pHi) of cancer cells 

is usually slightly (0.1–0.2 pH units) more 

alkaline than the extracellular pH (pHe)

Dysregulated pH as promoter of cancer progression



Acidic tumor microenvironment

▪ Uncontrolled proliferation: secretion 

of acid metabolites

▪ Warburg effect

▪ Hypoxia

▪ deficient blood perfusion and H+

venting ability

▪ CO2 produced from oxygenated tumor 

areas

ACIDIC TUMOR MICROENVIRONMENT



Acidic tumor microenvironment: WARBURG EFFECT

ACIDIC TUMOR MICROENVIRONMENT

In presence of oxygen, glucose is metabolized to produce pyruvate

through the glycolysis pathway. In the mitochondria, the vast majority of

pyruvate is oxidized to produce NADH, used for maximizing ATP

synthesis trough the oxidative phosphorylation: HIGH ATP YIELD

In case oxygen is lacking, cells can ensure NAD+ (and then glycolysis) by

converting pyruvate to lactate via anaerobic glycolysis: LOW ATP YIELD

Physiological situation in normal cells: energy in the form of ATP

From Matthew G. et al., Science, 2009



Acidic tumor microenvironment: WARBURG EFFECT

Warburg effect

Glucose

GLUT-1

MCT-4 LACTATE

pHe

Modified from De la Cruz-Lopez K.G. et al., 2019

ACIDIC TUMOR MICROENVIRONMENT

In cancer cells: aerobic glycolysis

This effect is also present in normal proliferative cells and in cancer cells we can also have some oxidative phosphorylation



After glucose uptake by specific transporters (GLUT1andGLUT3),

glucose is converted to pyruvate, generating 2ATP per glucose and

proton. Based on Pasteur effect, in the presence of oxygen, pyruvate is

oxidized to HCO−3, generating 36 additional ATP per glucose; in the

absence of oxygen pyruvate is reduced to lactate, which is exported to

extracellular space. However, as Warburg proposed glycolysis is potent

in cance rcells. Notably both processes produce protons (H+), which

cause acidification of the extracellular space. This figure represents

main proteins that regulate intracellular and extracellular pH intumors,

including: monocarboxylate transporters(MCTs),which transport lactic

acid and other monocarboxylates formed by the glycolytic degradation

of glucose; the plasma membrane proton pump vacuolar ATPase (V-

ATPase); Na+/H+ exchangers (NHEs); anion exchangers (AEs); carbonic

anhydrases (CAII,CAIX,andCAXII); Na+/HCO−3 co-transporters (NBCs),

and HCO−3 -transporters (BTs).

Major pH regulators in a cancer cell.

Damaghi M, et al., Front in Physiology, 2013



From Bradley A. et al. Nature reviews, 2011

Increase of the expression and/or activity of plasma membrane 

transporters, particularly acid extruders, and carbonic 

anhydrases (CAs) and monocarboxylate transporters (MCTs), 

which maintain the higher pHi and lower pHe of tumor cells

ACIDIC TUMOR MICROENVIRONMENT

Acidic tumor microenvironment: upregulation of 
acid extruders



Acidic tumor microenvironment: HYPOXIA

ACIDIC TUMOR MICROENVIRONMENT

Tumor angiogenesis leads to the formation of disorganized

blood vessels impairing the oxygen and nutrient supply to

cancer cells. This translates in:

• localized hypoxic tumor regions

• upregulation of HIF-1 (hypoxia inducible factor 1), that

promotes the expression of glucose transporters, lactate

dehydrogenase, pyruvate dehydrogenase kinase, etc.
pH

From Ramachandran S.. et al. Genes, 2015



Acidic tumor microenvironment: CO2 PRODUCTION

ACIDIC TUMOR MICROENVIRONMENT

From Lee S.H and Griffiths J., Cancers, 2020

1. The major by-product of oxidative energy metabolism, CO2

diffuses across the cell membrane lipid bilayer into the

extracellular space, along its concentration gradient;

2. On the extracellular surface of the cell membrane, Carbonic

Anhydrase IX catalyses the hydration of CO2 to form H+ and

HCO3
−

3. In parallel, lactate, exits the cell through the monocarboxylate

transporter

GLUT, glucose transporter; MCT, monocarboxylate transporter.



Acidic tumor microenvironment: key word is 
heterogeneity

ACIDIC TUMOR MICROENVIRONMENT

1. Tumor pHi is alkaline respect to normal cells → highly acidic extracellular pH influences intracellular pHi, acidifying the

intracellular pH. This means that in tumor areas that are poorly oxygenated and highly acidic, localized pHi will be more

acidic too. While highly perfused tumor areas will show less acidic pHe. Tumor pH values are relative, changing in

different areas of the tumor cell and tumor microenvironment

2. Cancer cells perform aerobic glycolysis→ in highly perfused tumor areas, cancer cells can also produce ATP by oxidative

phosphorylation, in minor extend respect to normal cells

3. Warburg effect is a feature of only cancer cells→ normal proliferating cells accumulate high quantities of ATPs obtained

by respiration process. Then it starts the Warburg effect and to prepare for cell division energetically. Once cell cycle

starts, the cells start to rely on aerobic glycolysis (Warburg effect) for ATP synthesis and lactic acid production and release,

in order to raise the intracellular pH from ∼6.8 to ∼7.2 as needed by cell division. The cells go back to the normal

respiration-based ATP production once the cell division phase ends



Acidic tumor microenvironment: key word is 
heterogeneity

ACIDIC TUMOR MICROENVIRONMENT

for in-depth study…



Dysregulated pH as promoter of cancer progression

pH-dependent cancer hallmarks

CELL PROLIFERATION: promoted by alkaline pHi

• pHi higher than 7.2 promotes cancer cells to entry to S phase and enter and progress 
through the G2/M phases

• Higher pHi suppresses the mitotic arrest that is triggered by an activated DNA damage 
checkpoint

cancer cells high pHi allows them to bypass cell cycle checkpoints, promoting 

not only proliferation, but also genetic instability

ACIDIC TUMOR MICROENVIRONMENT



Dysregulated pH as promoter of cancer progression

pH-dependent cancer hallmarks

CELL SURVIVAL: promoted by alkaline pHi

• Acidic intracellular pH promotes activation of 

endonucleases

• Acidic intracellular pH increases cancer cells’ sensitivity 

to heat or chemotherapy drugs- induced apoptosis

• Acidic intracellular pH promotes activation of 

mitochondrial apoptotic pathway

Alkaline pHi

Modified from Colin Adrain and Seamus J. Martin, 2006

ACIDIC TUMOR MICROENVIRONMENT



Dysregulated pH as promoter of cancer progression

pH-dependent cancer hallmarks

METABOLIC ADAPTATION: promoted by alkaline pHi and acidic pHe 

• Alkaline pHi promotes glycolysis

• Acidic pHe and hypoxia promotes glycolysis 

Lactate dehydrogenase (LDH) optimum pH is 7.5

Phosphofructokinase 1 (PFK1) optimum pH is 7-7.5

Lactate extrusion alkalinizes pHi

Hypoxia-induced tumor acidosis induces expression of 

glycolytic enzymes

ACIDIC TUMOR MICROENVIRONMENT



Dysregulated pH as promoter of cancer progression

pH-dependent cancer hallmarks

CELL INVASION AND MIGRATION: promoted by alkaline pHi and acidic pHe 

• Alkaline pHi promotes directed migration:

• Acidic pHe promotes invasion:  

De novo assembly of actin filaments 

Activity of CDC42

Faster focal adhesion turnover

Formation and maturation of invadopodia

Degradation of ECM 

ACIDIC TUMOR MICROENVIRONMENT



PH-SENSITIVE ION CHANNELS

Ion channels as highly sensitive pH-sensors

• Plasma membrane ion channels are optimal pH sensors, as their activity can be modulated by both pHi and
pHe

• Plasma membrane ion channels contribute to virtually all basic cellular processes and are also involved in
the malignant phenotype of cancer cells



pH-dependent regulation of ion channels in cancer cells
1. Direct Interaction between protons and ion channels

o H+-binding sites involving titratable side chains with pKa values close to the physiological pH (histidine, arginine, lysine)

PH-SENSITIVE ION CHANNELS

H

Example:

ORAI1 Ca2+ permeable channel

➢ E106 in TM1 is responsible for pHe sensitivity when 

Ca2+ is the permeant cation 

➢ E190 located in TM3 is the major sensor of pHe when 

Na+ is the charge carrier. 

➢ H155 located in the intracellular loop is responsible for 

intracellular pH sensitivity

Modified from Yubin Zhou et al., PNAS, 2010



pH-dependent regulation of ion channels in cancer cells
2.        Direct Interaction between protons and ion channels

o H+ competition with other cation-binding sites 

PH-SENSITIVE ION CHANNELS

Example:

Acid Sensing Ion Channel (ASICs) Na+ permeable channels

➢ E106 in TM1 is responsible for pHe sensitivity when 

Ca2+ is the permeant cation 

➢ E190 located in TM3 is the major sensor of pHe when 

Na+ is the charge carrier. 

➢ H155 located in the intracellular loop is responsible for 

intracellular pH sensitivity

From Immke D.C and McCleskey E.D, 2003



pH-dependent regulation of ion channels in cancer cells
3.       Indirect Interaction between protons and ion channels

o Example: Integrins-ion channels interactions

• Several integrins are pH-dependent in cancer and both pHi and pHe can modify integrins “inside-out” and “outside-
in” signaling

• KCa/αvβ3 integrin complex recruits FAK and promotes its phosphorylation, resulting in increased cancer cell
proliferation in prostate cancer

• KV11.1 forms a complex with β1 integrin, increasing colorectal cancer cells’ invasiveness in vitro.

Integrins/ion channels interaction modulated by pH is still not clear

PH-SENSITIVE ION CHANNELS



PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of ion channels in tumor 
progression

Acidic pHe often inhibits ion channels’ activity in cancer 

cells, depending on ion channel’s pH-sensitivity

From Petho et al., cancers, 2020



PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of potassium channels in 
tumor progression

From Petho et al., cancers, 2020

• Acidic pHe inhibits Kv (voltage-gated K+) channels while 
different Kv channels are differentially regulated by pHi

• Intracellular acidification inhibits Kca channels (Kca 1.1, Kca

2.1-2.3, Kca 3.1) while extracellular pHe doesn’t Kca current 
(Kca 3.1)

There is a lack of existing studies showing the link between the 
pH dependent activity of K+ channels in cancer cells, so we 

need to clarify yet the impact of intracellular pHi regulation of 
Kca channels in the context of tumor progression.



CALCIUM SIGNALING 

Ca2+ ions
Ubiquitous second messenger that regulates several cellular processes: 

FCopyright © Pearson Education, Inc., publishing as Benjamin Cummings

Fertilization

Secretion

Gene expression

Muscle contraction

Exocytosis

Neurotransmission 

Cell migration

Etc..

[Ca2+]e = ˃ 1 mM

[Ca2+]i = ~100 nM

Fine tune

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION



Deregulation of [Ca2+]i

Cell survivalAngiogenesis

EMT

Migration Drug resistance

Invasion Proliferation

Alteration in Ca2+ toolkit components’ 
expression and/or function

Ca2+ channel

CALCIUM SIGNALING IN CANCER 



CALCIUM SIGNALING IN CANCER 

Ca2+ channels: link between pH and cancer

Ca2+ channelsDeregulation of their 

expression and/or 

activity promotes cancer 

progression

Several of them are pH 

sensitive and act as pH 

sensors

1) acidic pHe and alkaline pHi support cancer progression, promoting aggressive phenotypes

2) Ca2+ -depending signaling is one of major pathways leading to acquisition of aggressive phenotypes (resistance to 

apoptosis, increased proliferation, increased migration and invasion, etc.)

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION



CALCIUM SIGNALING IN CANCER 

Ca2+ channels: link between pH and cancer

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH and Ca2+ signaling could work in synergy to select the most 
aggressive cancer cell phenotypes Ca2+ permeable channels as the 

targets of pH, working "in concert“ for tumor progression

Ca2+ channels

pHi-pHe



Ca2+ channels’ regulation by acidic tumor microenvironment

pH-sensitive TRP Channels

TRP family member Effect of low pHe Reference

TRPM2 Inactivation Du J. et al., 2009;  
Yang W. et al., 2010

TRPM6 Activation Kozak J.A et al., 2005; Chokshi R et al, 
2012

TRPM7 Activation Jiang et al., 2005; Li M. et al., 2006; 
Mačianskienė R. et al., 2017

TRPV1 Activation Tominaga M. et al., 1998; Jordt S.-E. et 
al., 2000

TRPV4 Activation Suzuki M. et al., 2003

TRPV6 Inactivation Cherezova A.L. et al., 2018

TRPC6 Inactivation Nielsen N. et al., 2017; Iyer S.C. et al., 
2015; Wen L. et al., 2016

TRPA1 Activation De la Roche J. et al., 2013; Hamilton 
N.B. et al., 2016



PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of TRP channels in tumor 
progression

TRPV1

Transient receptor potential Vanilloid Subfamily 1

• Involved in pain sensation, also elicited by TME

• Activated by acidic pHe: protons directly open the channel or
potentiates capsaicin-mediated TRPV1 activation

• Pro- or anti-tumor role depending on cancer cell type and extent
of intracellular Ca2+ increase

The two proton-dependent effects are not mediated by the same
amino acid residues, suggesting that, depending on the stimulus,
TRPV1 channels can use different opening states that may convey
distinct signals to cells



PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of TRP channels in tumor 
progression

TRPV4

Transient receptor potential Vanilloid Subfamily 4

• Permeable to both Ca2+ and Na+

• Activated by acidic pHe

• Pro- tumor role in breast cancer, promoting angiogenesis,

invasion and metastasis in vivo



PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of TRP channels in tumor 
progression

TRPA1

Transient receptor potential ankyrin Subfamily 1

• Mechanosensitive channel that also functions as a proton-

activated ion channel

• Pro- tumor role and early event in cancer development



PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of ASICs channels in tumor 
progression

ASICs

Acid-sensing ion channels

• Permeable to Na+ (ASIC1a and heteromeric ASIC1a/2b channels

are also permeable to Ca2+)

• Activated by acidic pHe: Competition between protons and Ca2+

for binding in the activation site

• They contribute to different hallmarks of cancer, mainly via Ca2+

influx



PIEZO1 Channels in PSCs

Modified from Dario De Felice and Alessandro Alaimo, Cancers, 2020

PIEZO1 Channels are inhibited by acidic pHe 

Inactivation of PIEZO1 might represent a protective mechanism in 
specific cell types, like in pancreatic stellate cells (PSCs)

Intracellular pH drop, result of extracellular acidification, inactivates 

PIEZO1 and Ca2+ fluxes are decreased, avoiding apoptosis of PSCs due 

to calcium overload

Intracellular 
acidification

PIEZO1

Decreased [Ca2+]i

Apoptosis

pH-dependent regulation of PIEZO channels in tumor 
progression

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION



Store-Operated Calcium 
Channels

Modified from Secondo A. et al., Frontiers in Molecular Neuroscience, 2018

Store-Operated Calcium Entry (SOCE) 

pH-dependent regulation of SOC channels in tumor 
progression

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION



Acidic pHi and pHe = SOCE inhibition

Alkaline pHi and pHe = SOCE potentiation (but no 

activation, it requires store depletion)

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of SOC channels in tumor 
progression

Intracellular and extracellular pH are able to modulate the activity of ORAI
channels by affecting its coupling with STIM1 and/or by modifying its gating
biophysical properties.

Store-Operated Calcium 
Channels

Modified from Secondo A. et al., Frontiers in Molecular Neuroscience, 2018

Intracellular 
acidification

Extracellular 
acidification



pH-dependent regulation of ORAI1-STIM1 complex in cancer cells

Laskay G. et al., 2005

Effect of pHe on the thapsigargin-mediated Ca2+-entry in ORAI1-STIM1 overexpressing neuroblastoma cells

Acidic pHe suppresses the thapsigargin-mediated Ca2+ entry in neuroblastoma cells, while 
external alkalinisation increased the TG-induced Ca2+-influx 

Representative experiment of the effect of pHe on the thapsigargin-mediated Ca2+-entry in SH-SY5Y cells

From Weixia Zhong et al., 2017

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION



PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

HYPOXIA-dependent upregulation of ORAI1 and SOCE increase in cancer 
cells



Acidic pHe = SOCE inhibition

SOCE and acidic tumor microenvironment promote 

different cancer hallmarks, then its progression

But…

Store-Operated Calcium 
Channels

Modified from Secondo A. et al., Frontiers in Molecular Neuroscience, 2018

Intracellular 
acidification

Extracellular 
acidification

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION

pH-dependent regulation of SOC channels in tumor 
progression



SOC Channels

Low pHe mediated SOCE inhibition:

• Ca2+ signaling also contributes to tumor suppression by enhancing processes as cell death, senescence and

autophagy

• ORAI members assembly to form different combinations of heteromeric Ca2+ Release Activated channels

(CRACs). The acidic pH of tumor microenvironment may differently regulate heteromeric CRACs.

• Key role of SOCE in immune cell activation: The requirement of Ca2+ entry for antitumor immunity might

explain the inhibitory effect of acidic tumor microenvironment on SOCE, in order to decrease immune cells’

function and protect the tumor

pH-dependent regulation of SOC channels in tumor progression

PH SENSITIVE ION CHANNELS AND ROLE IN TUMOR PROGRESSION



• Low pHe and alkaline pHi promote cancer progression, affecting several

cancer hallmarks

• Plasma membrane ion channels are optimal pH sensors, as their activity can

be modulated by both pHi and pHe

• pH-dependent regulation of ion channels depend on their pH sensitivity,

they are often cancer cell type specific

• Tumor acidic pH and Ca2+ signaling could work in synergy to select the

aggressive cancer cell phenotypes

• Ca2+ permeable channels may represent the targets of pHe, representing

promising therapeutic targets

Take home message



References

1. Boedtkjer, E. & Pedersen, S. F. The Acidic Tumor Microenvironment as a Driver of Cancer. Annu. Rev. Physiol. 82, 103–126 (2020).

2. Damaghi, M., Wojtkowiak, J. W. & Gillies, R. J. pH sensing and regulation in cancer. Front. Physiol. 4, (2013).

3. Flinck, M., Kramer, S. H. & Pedersen, S. F. Roles of pH in control of cell proliferation. Acta Physiol 223, e13068 (2018).

4. Glitsch, M. Protons and Ca 2+ : Ionic Allies in Tumor Progression? Physiology 26, 252–265 (2011).

5. Huang, W.-C., Swietach, P., Vaughan-Jones, R. D., Ansorge, O. & Glitsch, M. D. Extracellular Acidification Elicits Spatially and Temporally Distinct Ca 2+ Signals. Current Biology 18, 781–785 (2008).

6. Korenchan, D. E. & Flavell, R. R. Spatiotemporal pH Heterogeneity as a Promoter of Cancer Progression and Therapeutic Resistance. Cancers 11, 1026 (2019).

7. Lee, S.-H. & Griffiths, J. R. How and Why Are Cancers Acidic? Carbonic Anhydrase IX and the Homeostatic Control of Tumour Extracellular pH. Cancers 12, 1616 (2020).

8. Pedersen, S. F., Novak, I., Alves, F., Schwab, A. & Pardo, L. A. Alternating pH landscapes shape epithelial cancer initiation and progression: Focus on pancreatic cancer. BioEssays 39, 1600253 (2017).

9. Pethő, Z. et al. pH-Channeling in Cancer: How pH-Dependence of Cation Channels Shapes Cancer Pathophysiology. Cancers 12, 2484 (2020).

10. Prevarskaya, N., Skryma, R. & Shuba, Y. Ion channels and the hallmarks of cancer. Trends in Molecular Medicine 16, 107–121 (2010).

11. Prevarskaya, N., Skryma, R. & Shuba, Y. Ion Channels in Cancer: Are Cancer Hallmarks Oncochannelopathies? Physiological Reviews 98, 559–621 (2018).

12. Sun, H., Chen, L., Cao, S., Liang, Y. & Xu, Y. Warburg Effects in Cancer and Normal Proliferating Cells: Two Tales of the Same Name. Genomics, Proteomics & Bioinformatics 17, 273–286 (2019).

13. Tsujikawa, H. et al. Identification of key amino acid residues responsible for internal and external pH sensitivity of Orai1/STIM1 channels. Sci Rep 5, 16747 (2015).

14. Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the Warburg Effect: The Metabolic Requirements of Cell Proliferation. Science 324, 1029–1033 (2009).

15. Webb, B. A., Chimenti, M., Jacobson, M. P. & Barber, D. L. Dysregulated pH: a perfect storm for cancer progression. Nat Rev Cancer 11, 671–677 (2011).



Thank you


