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Figure 5: Insulin-Driven PI3K-AKT Signaling in the hepatocyte is mediated by redundant
PI3Koa and PI3K[ activities and is promoted by Ras. (A) Mice lacking PI3K«a specifically in
hepatocytes (PI3Ka'*®P) were injected with TGX221, selective inhibitor of PI3Kf, showing
severe hyperglycemia. On the contrary, in WT mice or PI3Ka"™ or WT mice injective with
TGX221, where only one isoform was lacking either PI3K & or PI3Kf, we could not observe any
changes in glucose levels in the bloodstream. (B) This observation together with our data on
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primary hepatocytes where the blockage of Ras reduced Akt phosphorylation and blunted ERK
signaling, led us to define a new and improved model of insulin signaling in the hepatocyte
where the insulin-driven Akt signaling is mediated by redundant activities of both PI3K«a and
PI3Kp, and PI3Ka is Ras dependent.

4.2.2 DISCUSSION PAPERII

Our findings from PAPER II suggest a paradigm shift from a current model
of insulin signaling where PI3Ka is the only responsible PI3K isoform to drive
the insulin pathway [90, 91, 122-125], to a new and improved mechanism
where insulin-driven PI3K-AKT pathway in hepatocyte is mediated by a
redundant activity of both PI3Ka and PI3Kf. Furthermore, PI3Ka activity in
the insulin signaling has been considered to be Ras independent [64, 121, 126-
128]. However, Ras is required to fully activate PI3Ko at the plasma
membrane. Our results show that the blockage of Ras through an adenovirus
infection blunted ERK and only at higher concentration of the adenovirus also
reduced the AKT phosphorylation levels in murine hepatocytes but not in the
functional downstream pathway. This observation indicates that Ras action on
AKT phosphorylation is PI3Ka dependent and that the residual PI3Ko and
PI3KP activities were sufficient to induce the insulin-induced AKT
downstream pathway in hepatocytes.

Our model for insulin signaling is consistent with the results from a recent
study showing improvement in the conditions of patients with PI3KCA-related
overgrowth syndrome (PROS) treated with a low dose of the PI3Ka isoform-
specific inhibitor, BYL719, without causing any alteration of glycemia [107].
On May 24th 2019, the Food and Drug Administration (FAD) approved
BYL719 also known as Apelisib in combination with fulvestrant (a selective
estrogen receptor degrader) to treat postmenopausal women, and men, with
hormone receptor (HR) positive, or human epidermal growth factor receptor 2
(HER2)-negative, or PIK3CA-mutated, or advanced, or metastatic breast
cancer [129]. Indeed, it has been reported a significant prolonged progression-
free survival and a great response in breast cancer patients treated with
Alpelisib-fulvestrant [130].

This recent finding cannot be justified by the current insulin signaling model
where PI3Ka is the main PI3Ks isoform involved in the insulin pathway. Our
new model for insulin signaling, that considers the redundant activity of PI3Ka
and PI3Kp, proposes that BYL719 can cause hyperglycemia only at a high
dose where it is no longer selective for PI3Ka. In fact, the hyperglycemia
threshold of BYL719 is at twenty-thirty times higher concentration than the
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ICso of BYL719 for PI3KB. BYL719 has a higher hyperglycemia threshold
than pan-PI3Ks inhibitors, which can be a possible explanation for the limited
effects of the pan-inhibitors used as cancer therapies [131]. Indeed, our new
model for insulin signaling suggests that isoform-specific PI3K inhibitors
discriminating between PI3Ko and PI3Kp in order to preserve their isoform
selectivity should be used at doses below their hyperglycemic threshold.
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43 PAPERII
4.3.1 MAIN RESULTS PAPERIII

To better understand hepatic metabolism both in a physiological state and in
obesity is essential to define a solid cell culture model to study insulin
signaling, glucose metabolism and disease progression. Primary hepatocyte
preparation requires the sacrifice of mice and it is a very delicate technique,
while immortalized cell lines are easily available. However, the insulin action
in hepatoma cell lines still remains largely unexplored. Here we compared
three hepatoma cell lines from three different species: HepG2, human
hepatoma, Hepa 1-6, murine hepatoma and McARH7777, rat hepatoma to
primary hepatocytes for insulin signaling, glucose production and protein
expression profile.

We have found that the dominant negative Ras mutant, HRAS17N, blunted the
ERK signal and reduced the AKT phosphorylation in primary hepatocytes but
not in the hepatoma cell lines. The hepatoma cell lines instead showed a
constitutive activated RAS-MAPK signaling, and elevated basal levels of AKT
phosphorylation on Thr 308, both resistant to the presence of the adenovirus
HRASI17N. Insulin-driven AKT phosphorylation on Ser 473 was also not
affected by the blockage of Ras. However, the phosphorylation of the insulin
receptor triggered by insulin was not impaired in all the hepatoma cell lines,
suggesting that HepG2, Hepa 1-6 and McARH7777 displayed post receptor
aberrant insulin signaling (Fig. 6).

The observations of aberrant insulin signaling in different hepatoma cell lines
led us to further investigate the effects of such aberrant insulin signaling on
gluconeogenic genes expression and glucose production. Whereas we could
measure an increase of both glucose 6 phosphatase (G6P) and
phosphoenolpyruvate carboxykinase (PEPCK) in primary hepatocytes in
presence of cAMP analog dbcAMP and reduction to basal levels in presence
of insulin, in all the hepatoma cell lines we could not measure any significant
changes of gene expression for both G6P and PEPCK. Due to the same origin,
we directly compared Hepa 1-6 to primary hepatocytes and the Hepa 1-6 cells
displayed undetectable levels of gene expression of gluconeogenic genes and
absence of insulin-driven GSK phosphorylation compared to primary
hepatocytes. Furthermore, HepG2, Hepa 1-6 and McARH7777 displayed
dramatically reduced glucose production rates compared to primary
hepatocytes (Fig. 6).
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To evaluate if the hepatoma cell lines use intracellular glucose for de novo
lipogenesis, we measured the lipogenic enzyme fatty acid synthase (FAS)
protein levels and we observed that all the hepatoma cell lines showed a
significant reduction of FAS compared to primary hepatocytes. All our
observations showed not only remarkable differences between the hepatoma
cell lines and primary hepatocytes, but also some similarities between different
cell lines derived from different species. Therefore, we analyzed the
electrophoretic protein profile of extracts from a human donor, from three
independent primary hepatocyte preparation from mice and three different
passages in plate of HepG2, Hepa 1-6, McARH7777. Our results showed that
all murine hepatocyte preparation possess a similar electrophoretic protein
profile compared to human hepatocytes. On the other hand, all the hepatoma
cell lines displayed a distinct protein pattern compared to primary hepatocytes
but similar among them, revealing a convergent aberrant phenotype between
different species (Fig. 6).

34

Angela Molinaro

Hepa 1-6 McARH7777 HepG2 Primary hepatocytes

. 9
EEAR

Aberrant Insulin

!
0]

- rl Cell model for hepatocytes

€ 55 signaling and metabolism

o
—

}

Aberrant Gluco
genes expre

Marginal Gluco

i

Similar electophot
profile but diffe

hepatocy

Convergent Aberrant | Cell Model for HCC
Phenotype )f_—_b signaling and metabolism

Figure 6: Insulin Signaling and Glucose Metabolism in Different Hepatoma Cell Lines Deviate
from Hepatocyte Physiology Toward a Convergent Aberrant Phenotype. The hepatoma cell
lines: Hepa 1-6, murine hepatoma, McARH7777, rat hepatoma and Hepg2, human hepatoma,
were compared to primary hepatocytes to validate them as cell model for metabolic studies. The
hepatoma cell lines displayed aberrant insulin signaling, aberrant gluconeogenic genes
expression, marginal glucose production and distinct electrophoretic protein profiles. The
hepatoma cell lines appeared to have a convergent aberrant phenotype between the different
species which makes them a cell model for hepatocellular carcinoma (HCC), but not of
hepatocyte insulin signaling or action.
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4.3.2 DISCUSSION PAPERIII

Our data showed that the hepatoma cell lines HepG2, Hepa 1-6, McARH7777
displayed aberrant insulin signaling, altered expression of gluconeogenic
genes, GSK unresponsiveness to insulin, and reduced glucose production. The
hepatoma cell lines also displayed low FAS protein levels and dramatically
different electrophoretic profiles compared to primary hepatocytes but similar
between them. This aberrant phenotype can be considered as a hallmark of
hepatocellular carcinoma. Indeed, it was reported that gene expression profile
of several hepatoma cell lines is similar to primary tumors ones [132]. It was
also shown that G6P and PEPCK expression levels were dampened in murine
and human HCC compared to healthy liver [133]. From our research of 100
random articles on insulin-driven AKT phosphorylation, only seven studies
reported AKT phosphorylation on Thr 308 and the others showed only AKT
phosphorylation on Ser 473 or not specified phosphorylation site, suggesting
that most likely also others before us observed a similar pattern on AKT Thr
308 in hepatoma cell lines. The aberrant phenotype that these hepatoma cell
lines revealed might be related to the mutations present in the genome of these
cell lines. The hepatoma cell line that was characterized by the Broad Institute
Cancer Cell Line Encyclopedia is HepG2, which presents 386 mutations in
their genome. Between these mutations, we found a well-known NRAS
activating mutation Q61L, which could explain the constitutively active ERK
and the resistance to HRAS17N phosphorylation; S265R missense mutation
on MAPK4, a kinase that directly phosphorylates AKT on Thr 308; G573S, a
nonsense mutation on PI3KR2; D69N mutation for FOXO1 which might affect
gluconeogenic gene expression.

These results reveal the need of a new and more careful interpretation of the
thousands of metabolic studies published on the hepatoma cell lines
considering the new emerged evidence. In addition, it is important to point out
that all the cell lines used in this study derive from different clones from
different species. This information leads us to another observation regarding
our findings that all of the hepatoma cell lines derangements appear to be
conserved between different species. Therefore, it is possible to conclude that
these cell lines could be considered as a valuable tool to study the
derangements in insulin signaling and the metabolic transformation occurring
in HCC and especially at proteomic level.
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5 CONCLUSIONS AND FUTURE
PRESPECTIVES

This thesis aimed at improving our understanding of the role of the different
PI3Ks isoforms in obesity and insulin signaling.

In PAPER 1, we examined the role of PI3Ky in obesity and metabolic
inflammation. We have found that most of the beneficial effects of PI3Ky
ablation in obesity are due to its role on adiposity. However, we have also
found that the PI3KYy activity promotes adipose tissue inflammation and insulin
resistance during obesity. These results clarify the role of PI3Ky in obesity and
insulin resistance and challenge the dogma that in PI3Ky is a major inhibitor
of classical macrophages activation.

In PAPER 11, we investigated the role PI3Ks isoforms in insulin signaling.
Our results lead to a new improved model for insulin signaling, where the
insulin pathway is driven by both PI3Ka and PI3K activities and for PI3Ka
in Ras dependent manner. Our data suggest that selective-PI3K isoform
inhibitors, which can discriminate between PI3Ka and PI3K[, might
dissociate the beneficial effect of PI3K inhibition on cancer therapy from the
deleterious effects on glucose homeostasis.

In PAPER III, we described that compared to primary hepatocytes, three
commonly used hepatoma cell lines showed aberrant insulin signaling,
aberrant gluconeogenic gene expression, marginal glucose production and
distinct protein expression profile. We conclude that insulin signaling and
metabolism in these hepatoma cell lines is representative of HCC but not of
the hepatocyte.

Altogether the data in this thesis indicate that PI3K isoform-selective
inhibitors, discriminating between PI3Ka and PI3K[3, could display optimal
therapeutic index by minimizing the effects of PI3K inhibition on insulin
action leading to hyperglycemia.

In the future, it would be important to identify which PI3Ks isoforms are
involved in adiposity to exploit PI3K inhibition as anti-obesogenic therapy,
and in the progression of specific tumors to achieve optimal therapeutic index
in cancer therapies targeting selected PI3Ks isoforms. Finally, the use of PI3K
inhibitors in the treatment of cancer in the obese might be promising but it
requires a better understanding on the role of specific PI3Ks isoforms in
obesity-mediated tumor promotion.

37



Investigating the role of Class-1 Phosphoinositide 3 Kinases (PI3Ks) in insulin signaling and
obesity

ACKNOWLEDGEMENTS

I would like in this session to thank the people that made this work possible.

I will start with my supervisor, Giovanni Solinas. During my PhD studies you
have taught me so much not only about science but also about myself. I learnt
to find and overcome my limits. I learnt that I’m stronger than what I think and
that the most important thing in science is always the scientific message that
you are delivering to the world.

I would like to thank Barbara Becattini, that was with me since the beginning
and helped me through hard moments as the revision of the second paper
included in this thesis. You helped me improve my technical and critical skills
and you have always given me precious advices.

I’'m thankful to my co-supervisor Jan Borén and also to Malin Levin for their
help during my PhD studies.

I thank all the people that worked in the Solinas’ lab starting from Ludovic,
Augusto, Lucia, Vagner and especially Andrea, Claudia and Arianna. We
shared the good and bad moments together and you have been with me even
in the reviewing of this thesis. I was lucky to have found in the lab not only
good colleagues but also good friends.

I would like to thank also all the members of the Wallenberg laboratory for
creating a stimulating and nice environment for us PhD students. In particular,
my thanks go to Aditi, Marta and Lisa for helping me in correcting this thesis
and for their support. I would like to say thank you also to Andrea, Rosellina,
Piero, Ester, Kavhita, Federica, Asad, Abdulmalik, Tony, Oveis, Matias,
Matthias, Christina, Jamie, Ismena, Annika, Kassem, Magnus, Klas for all
the funny moments spent together and all the help that you have given me
during these years.

I’'m grateful to my friends outside the lab that are always there for me. Jesper
and Alessandra that helped during the writing of this thesis, Luca, Gabriele,
Alice, Alberto, Maurizio, Olha, Carmen, Carlos, Falko, Alessia, Faranak
and Amir. My friends from Italy, Anna, Maria Francesca, Valeria, Alma.
We have known each other for more than twenty years now and our friendship
keeps getting stronger and stronger. I thank my friends from the university
Marco, Adriano, Manuela, Rita, Sheila, Antonio, Domenico, Enrico for

38

still being part of my life and sharing with me all the good and the bad
moments. I would like to thank also my volleyball club, Gothia Volleyball,
and especially the girls I’'m coaching for all the happy moments together.

A special and lovely thank goes to my boyfriend Yordan. Your love made me
stronger and happier than I could have possibly imagined and my words are
not enough to express how grateful I’'m for your support.

I want to say thank you to my parents, Margherita and Luigi for helping me
during these years, for being there for me and for believing in me even when I
wasn’t. I thank my brother Antonio and my sister-in-law Maria Antonella for
their personal and scientific advices. I know that everyone says these words in
their thesis but I really mean them, I couldn’t have done it without you. I also
would like to thank my little nephews Mattia and Massimiliano. You are
amazing kids and you bring a lot of joy in my life and to everyone that has the
pleasure to meet you. | thank my aunt Anna for the sleepless nights and the
stressful days spent together at the phone giving each other strength to go
forward. I hope to be an amazing aunt for my nephews as you have been and
you still are for me. I send my thanks and my love to my uncle Pasquale, my
cousin Sara and my grandmother Angela. I decided to dedicate this thesis to
my grandfather Giovanni that passed away in 2018. [ made a promise to him
that I would have finished my PhD studies and made him proud, so to me it
seemed the most natural decision to dedicate this work to him.

39



Investigating the role of Class-1 Phosphoinositide 3 Kinases (PI3Ks) in insulin signaling and
obesity

REFERENCES

1. Guh, D.P., et al., The incidence of co-morbidities related to obesity

and overweight: a systematic review and meta-analysis. BMC Public
Health, 2009. 9: p. 88.

2. Lauby-Secretan, B., et al., Body Fatness and Cancer--Viewpoint of the
IARC Working Group. N Engl J Med, 2016. 375(8): p. 794-8.
3. Poirier, P., et al., Obesity and cardiovascular disease:

pathophysiology, evaluation, and effect of weight loss: an update of
the 1997 American Heart Association Scientific Statement on Obesity
and Heart Disease from the Obesity Committee of the Council on
Nutrition, Physical Activity, and Metabolism. Circulation, 2006.
113(6): p. 898-918.

4. Collaborators, G.B.D.O., et al., Health Effects of Overweight and
Obesity in 195 Countries over 25 Years. N Engl J Med, 2017. 377(1):
p. 13-27.

5. Organization, W.H. Obesity and Overweight. 2016; Available from:
https://www.who.int/news-room/fact-sheets/detail/obesity-and-
overweight.

6. Romieu, L., et al., Energy balance and obesity: what are the main
drivers? Cancer Causes Control, 2017. 28(3): p. 247-258.

7. Harris, R.B., Role of set-point theory in regulation of body weight.
Faseb j, 1990. 4(15): p. 3310-8.

8. Anderson, A.S., et al., European Code against Cancer 4th Edition:
Obesity, body fatness and cancer. Cancer Epidemiol, 2015. 39 Suppl
1: p. S34-45.

9. Hall, K.D., et al., Quantification of the effect of energy imbalance on
bodyweight. Lancet, 2011. 378(9793): p. 826-37.

10. Thorp, A.A. and M.P. Schlaich, Relevance of Sympathetic Nervous
System Activation in Obesity and Metabolic Syndrome. J Diabetes Res,
2015. 2015: p. 341583.

11. Geerling, J.J., et al., Sympathetic nervous system control of
triglyceride metabolism: novel concepts derived from recent studies. ]
Lipid Res, 2014. 55(2): p. 180-9.

12. Wymann, M.P., et al., Phosphoinositide 3-kinase gamma: a key
modulator in inflammation and allergy. Biochem Soc Trans, 2003.
31(Pt 1): p. 275-80.

13. Youngstrom, T.G. and T.J. Bartness, Catecholaminergic innervation
of white adipose tissue in Siberian hamsters. Am J Physiol, 1995.
268(3 Pt 2): p. R744-51.

14. Cannon, B. and J. Nedergaard, Brown adipose tissue: function and
physiological significance. Physiol Rev, 2004. 84(1): p. 277-359.

40

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Mistlberger, R.E., Food as circadian time cue for appetitive behavior.
F1000Res, 2020. 9.

Zhang, Y., et al., Positional cloning of the mouse obese gene and its
human homologue. Nature, 1994. 372(6505): p. 425-32.

Tartaglia, L.A., et al., Identification and expression cloning of a leptin
receptor, OB-R. Cell, 1995. 83(7): p. 1263-71.

Machleidt, F., et al., Experimental hyperleptinemia acutely increases
vasoconstrictory sympathetic nerve activity in healthy humans. J Clin
Endocrinol Metab, 2013. 98(3): p. E491-6.

Gao, Z., et al., Inhibition of insulin sensitivity by free fatty acids
requires activation of multiple serine kinases in 3T3-L1 adipocytes.
Mol Endocrinol, 2004. 18(8): p. 2024-34.

Wilcox, G., Insulin and insulin resistance. Clin Biochem Rev, 2005.
26(2): p. 19-39.

Hopkins, D.F. and G. Williams, [nsulin receptors are widely
distributed in human brain and bind human and porcine insulin with
equal affinity. Diabet Med, 1997. 14(12): p. 1044-50.

Wollheim, C.B. and P. Maechler, Beta-cell mitochondria and insulin
secretion: messenger role of nucleotides and metabolites. Diabetes,
2002. 51 Suppl 1: p. S37-42.

Vague, J., The degree of masculine differentiation of obesities: a factor
determining predisposition to diabetes, atherosclerosis, gout, and uric
calculous disease. Am J Clin Nutr, 1956. 4(1): p. 20-34.

Rosen, E.D. and B.M. Spiegelman, What we talk about when we talk
about fat. Cell, 2014. 156(1-2): p. 20-44.

Xu, H., et al., Chronic inflammation in fat plays a crucial role in the
development of obesity-related insulin resistance. J Clin Invest, 2003.
112(12): p. 1821-30.

Brakenhielm, E., et al., Angiogenesis inhibitor, TNP-470, prevents
diet-induced and genetic obesity in mice. Circ Res, 2004. 94(12): p.
1579-88.

Knittle, J.L., et al., The growth of adipose tissue in children and
adolescents. Cross-sectional and longitudinal studies of adipose cell
number and size. J Clin Invest, 1979. 63(2): p. 239-46.

Bourlier, V., et al., Protease inhibitor treatments reveal specific
involvement of matrix metalloproteinase-9 in human adipocyte
differentiation. J Pharmacol Exp Ther, 2005. 312(3): p. 1272-9.

Jazet, L M., H. Pijl, and A.E. Meinders, Adipose tissue as an endocrine
organ: impact on insulin resistance. Neth J Med, 2003. 61(6): p. 194-
212.

Spalding, K.L., et al., Dynamics of fat cell turnover in humans. Nature,
2008. 453(7196): p. 783-7.

41



Investigating the role of Class-1 Phosphoinositide 3 Kinases (PI3Ks) in insulin signaling and
obesity

31. Olefsky, J.M., Insensitivity of large rat adipocytes to the antilipolytic
effects of insulin. J Lipid Res, 1977. 18(4): p. 459-64.

32. Arioglu, E., et al., Lipoatrophy syndromes: when 'too little fat' is a
clinical problem. Pediatr Diabetes, 2000. 1(3): p. 155-68.

33. Shimomura, 1., et al., Insulin resistance and diabetes mellitus in
transgenic mice expressing nuclear SREBP-Ic in adipose tissue:
model for congenital generalized lipodystrophy. Genes Dev, 1998.
12(20): p. 3182-94.

34. Unger, R.H., Lipotoxicity in the pathogenesis of obesity-dependent
NIDDM. Genetic and clinical implications. Diabetes, 1995. 44(8): p.
863-70.

35. Shimabukuro, M., et al., Role of nitric oxide in obesity-induced beta
cell disease. J Clin Invest, 1997. 100(2): p. 290-5.

36. Nishimura, S., et al., CD8+ effector T cells contribute to macrophage
recruitment and adipose tissue inflammation in obesity. Nat Med,
2009. 15(8): p. 914-20.

37. Sartipy, P. and D.J. Loskutoff, Monocyte chemoattractant protein 1 in
obesity and insulin resistance. Proc Natl Acad Sci U S A, 2003.
100(12): p. 7265-70.

38. Kanda, H., et al., MCP-1 contributes to macrophage infiltration into
adipose tissue, insulin resistance, and hepatic steatosis in obesity. J
Clin Invest, 2006. 116(6): p. 1494-505.

39. Weisberg, S.P., et al., CCR2 modulates inflammatory and metabolic
effects of high-fat feeding. J Clin Invest, 2006. 116(1): p. 115-24.

40. Weisberg, S.P., et al., Obesity is associated with macrophage
accumulation in adipose tissue. J Clin Invest, 2003. 112(12): p. 1796-
808.

41. Amano, S.U., et al., Local proliferation of macrophages contributes to
obesity-associated adipose tissue inflammation. Cell Metab, 2014.
19(1): p. 162-171.

42, Haase, J., et al., Local proliferation of macrophages in adipose tissue
during obesity-induced inflammation. Diabetologia, 2014. 57(3): p.
562-71.

43, Lumeng, C.N., J.L. Bodzin, and A.R. Saltiel, Obesity induces a
phenotypic switch in adipose tissue macrophage polarization. J Clin
Invest, 2007. 117(1): p. 175-84.

44, Mantovani, A., et al., The chemokine system in diverse forms of
macrophage activation and polarization. Trends Immunol, 2004.

25(12): p. 677-86.

45. Patsouris, D., et al., Ablation of CDIIc-positive cells normalizes
insulin sensitivity in obese insulin resistant animals. Cell Metab, 2008.
8(4): p. 301-9.

42

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Summers, C., et al., Neutrophil kinetics in health and disease. Trends
Immunol, 2010. 31(8): p. 318-24.

Devaney, J.M., et al., Neutrophil elastase up-regulates interleukin-8
via toll-like receptor 4. FEBS Lett, 2003. 544(1-3): p. 129-32.
Talukdar, S., et al., Neutrophils mediate insulin resistance in mice fed
a high-fat diet through secreted elastase. Nat Med, 2012. 18(9): p.
1407-12.

Hacker, H. and M. Karin, Regulation and function of IKK and IKK-
related kinases. Sci STKE, 2006. 2006(357): p. rel3.

Takeda, K., T. Kaisho, and S. Akira, Toll-like receptors. Annu Rev
Immunol, 2003. 21: p. 335-76.

Calle, E.E., et al., Overweight, obesity, and mortality from cancer in a
prospectively studied cohort of U.S. adults. N Engl J Med, 2003.
348(17): p. 1625-38.

Bernstein, L. and R.K. Ross, Endogenous hormones and breast cancer
risk. Epidemiol Rev, 1993. 15(1): p. 48-65.

Gunter, M.J., et al., Insulin, insulin-like growth factor-I, and risk of
breast cancer in postmenopausal women. J Natl Cancer Inst, 2009.
101(1): p. 48-60.

Tsujimoto, T., H. Kajio, and T. Sugiyama, Association between
hyperinsulinemia and increased risk of cancer death in nonobese and
obese people: A population-based observational study. Int J Cancer,
2017. 141(1): p. 102-111.

S., G.E. Non-Esterified Fatty Acids in the Blood of Obese and Lean
Subjects. 1960; Available from:
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.886.2518
&rep=rep1&type=pdf.

Hotamisligil, G.S., N.S. Shargill, and B.M. Spiegelman, Adipose
expression of tumor necrosis factor-alpha: direct role in obesity-
linked insulin resistance. Science, 1993. 259(5091): p. 87-91.

Park, E.J., et al., Dietary and genetic obesity promote liver
inflammation and tumorigenesis by enhancing IL-6 and TNF
expression. Cell, 2010. 140(2): p. 197-208.

Balkwill, F. and A. Mantovani, Inflammation and cancer: back to
Virchow? Lancet, 2001. 357(9255): p. 539-45.

Kasuga, M., et al., Insulin stimulates tyrosine phosphorylation of the
insulin receptor in a cell-free system. Nature, 1982. 298(5875): p. 667-
9.

Ebina, Y., et al., The human insulin receptor cDNA: the structural
basis for hormone-activated transmembrane signalling. Cell, 1985.

40(4): p. 747-58.

43



Investigating the role of Class-1 Phosphoinositide 3 Kinases (PI3Ks) in insulin signaling and
obesity

61. Ullrich, A., et al., Human insulin receptor and its relationship to the
tyrosine kinase family of oncogenes. Nature, 1985. 313(6005): p. 756-
61.

62. Kahn, C.R. and M.F. White, The insulin receptor and the molecular
mechanism of insulin action. J Clin Invest, 1988. 82(4): p. 1151-6.

63. Ruderman, N.B., et al., Activation of phosphatidylinositol 3-kinase by
insulin. Proc Natl Acad Sci U S A, 1990. 87(4): p. 1411-5.

64. Haeusler, R.A., T.E. McGraw, and D. Accili, Biochemical and cellular
properties of insulin receptor signalling. Nat Rev Mol Cell Biol, 2018.
19(1): p. 31-44.

65. Carpenter, C.L. and L.C. Cantley, Phosphoinositide 3-kinase and the
regulation of cell growth. Biochim Biophys Acta, 1996. 1288(1): p.
M11-6.

66. Yu, J., et al., Regulation of the p85/p110 phosphatidylinositol 3'-
kinase: stabilization and inhibition of the p110alpha catalytic subunit
by the p85 regulatory subunit. Mol Cell Biol, 1998. 18(3): p. 1379-87.

67. Barnes, K., et al., Methyl-beta-cyclodextrin stimulates glucose uptake
in Clone 9 cells: a possible role for lipid rafts. Biochem J, 2004. 378(Pt
2): p. 343-51.

68. Maehama, T. and J.E. Dixon, The tumor suppressor, PTEN/MMACI,
dephosphorylates the lipid second messenger, phosphatidylinositol
3,4,5-trisphosphate. J Biol Chem, 1998. 273(22): p. 13375-8.

69. Alessi, D.R., Discovery of PDKI, one of the missing links in insulin
signal transduction. Colworth Medal Lecture. Biochem Soc Trans,
2001. 29(Pt 2): p. 1-14.

70. Liu, Q., et al., SHIP is a negative regulator of growth factor receptor-
mediated PKB/Akt activation and myeloid cell survival. Genes Dev,
1999. 13(7): p. 786-91.

71. Schultze, S.M., et al., Promiscuous affairs of PKB/AKT isoforms in
metabolism. Arch Physiol Biochem, 2011. 117(2): p. 70-7.

72. Avruch, J., et al., Ras activation of the Raf kinase: tyrosine kinase
recruitment of the MAP kinase cascade. Recent Prog Horm Res, 2001.
56: p. 127-55.

73. Taniguchi, C.M., B. Emanuelli, and C.R. Kahn, Critical nodes in
signalling pathways: insights into insulin action. Nat Rev Mol Cell
Biol, 2006. 7(2): p. 85-96.

74. Ghigo, A., et al., Phosphoinositide 3-kinases in health and disease.
Subcell Biochem, 2012. 58: p. 183-213.

75. Vanhaesebroeck, B., et al., Phosphoinositide 3-kinases: a conserved
family of signal transducers. Trends Biochem Sci, 1997. 22(7): p. 267-
72.

44

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Buckles, T.C., et al., Single-Molecule Study Reveals How Receptor
and Ras Synergistically Activate PI3Kalpha and PIP3 Signaling.
Biophys J, 2017. 113(11): p. 2396-2405.

Siempelkamp, B.D., et al., Molecular mechanism of activation of class
14 phosphoinositide 3-kinases (PI3Ks) by membrane-localized HRas.
J Biol Chem, 2017. 292(29): p. 12256-12266.

Vadas, O., et al., Structural basis for activation and inhibition of class
1 phosphoinositide 3-kinases. Sci Signal, 2011. 4(195): p. re2.
Degerman, E., et al., From PDE3B to the regulation of energy
homeostasis. Curr Opin Pharmacol, 2011. 11(6): p. 676-82.

Breasson, L., et al., PI3Kgamma activity in leukocytes promotes
adipose tissue inflammation and early-onset insulin resistance during
obesity. Sci Signal, 2017. 10(488).

De Henau, O., et al., Overcoming resistance to checkpoint blockade
therapy by targeting PI3Kgamma in myeloid cells. Nature, 2016.
539(7629): p. 443-447.

Hirsch, E., et al., Central role for G protein-coupled phosphoinositide
3-kinase gamma in inflammation. Science, 2000. 287(5455): p. 1049-
53.

Kaneda, M.M.,, et al., PI3Kgamma is a molecular switch that controls
immune suppression. Nature, 2016. 539(7629): p. 437-442.

Kok, K., B. Geering, and B. Vanhaesebroeck, Regulation of
phosphoinositide 3-kinase expression in health and disease. Trends
Biochem Sci, 2009. 34(3): p. 115-27.

Engelman, J.A., J. Luo, and L.C. Cantley, The evolution of
phosphatidylinositol 3-kinases as regulators of growth and
metabolism. Nat Rev Genet, 2006. 7(8): p. 606-19.

Bi, L., et al.,, Early embryonic lethality in mice deficient in the
pli0beta catalytic subunit of Pl 3-kinase. Mamm Genome, 2002.
13(3): p. 169-72.

Bi, L., et al., Proliferative defect and embryonic lethality in mice
homozygous for a deletion in the pllOalpha subunit of
phosphoinositide 3-kinase. J Biol Chem, 1999. 274(16): p. 10963-8.
Brachmann, S.M., et al., Phosphoinositide 3-kinase catalytic subunit
deletion and regulatory subunit deletion have opposite effects on
insulin sensitivity in mice. Mol Cell Biol, 2005. 25(5): p. 1596-607.
Graupera, M., et al., Angiogenesis selectively requires the pl10alpha
isoform of PI3K to control endothelial cell migration. Nature, 2008.
453(7195): p. 662-6.

Knight, Z.A., et al., A pharmacological map of the PI3-K family
defines a role for pl10alpha in insulin signaling. Cell, 2006. 125(4):
p. 733-47.

45



Investigating the role of Class-1 Phosphoinositide 3 Kinases (PI3Ks) in insulin signaling and
obesity

91. Sopasakis, V.R., et al., Specific roles of the pll0alpha isoform of
phosphatidylinsositol 3-kinase in hepatic insulin signaling and
metabolic regulation. Cell Metab, 2010. 11(3): p. 220-30.

92. Sasaki, T., et al., Function of PI3Kgamma in thymocyte development,
T cell activation, and neutrophil migration. Science, 2000. 287(5455):
p. 1040-6.

93. Becattini, B., et al., PI3Kgamma within a nonhematopoietic cell type
negatively regulates diet-induced thermogenesis and promotes obesity
and insulin resistance. Proc Natl Acad Sci U S A, 2011. 108(42): p.
E854-63.

94, Kobayashi, N., et al., Blockade of class IB phosphoinositide-3 kinase
ameliorates obesity-induced inflammation and insulin resistance. Proc
Natl Acad Sci U S A, 2011. 108(14): p. 5753-8.

95. Fruman, D.A., et al., The PI3K Pathway in Human Disease. Cell,
2017.170(4): p. 605-635.

96. De Vlaeminck, Y., et al., Cancer-Associated Myeloid Regulatory
Cells. Front Immunol, 2016. 7: p. 113.

97. Schmid, M.C., et al., Receptor tyrosine kinases and TLR/ILIRs
unexpectedly activate myeloid cell PI3kgamma, a single convergent
point promoting tumor inflammation and progression. Cancer Cell,
2011. 19(6): p. 715-27.

98. Mantovani, A., et al., Macrophage polarization: tumor-associated
macrophages as a paradigm for polarized M2 mononuclear
phagocytes. Trends Immunol, 2002. 23(11): p. 549-55.

99. Kaneda, M.M., et al., Macrophage PI3Kgamma Drives Pancreatic
Ductal Adenocarcinoma Progression. Cancer Discov, 2016. 6(8): p.
870-85.

100. Janku, F., T.A. Yap, and F. Meric-Bernstam, Targeting the PI3K
pathway in cancer: are we making headway? Nat Rev Clin Oncol,
2018. 15(5): p. 273-291.

101.  Keppler-Noreuil, K.M., et al., PIK3CA-related overgrowth spectrum
(PROS): diagnostic and testing eligibility criteria, differential
diagnosis, and evaluation. Am J Med Genet A, 2015. 167A(2): p. 287-
95.

102.  Friberg, E., et al., Diabetes mellitus and risk of endometrial cancer: a
meta-analysis. Diabetologia, 2007. 50(7): p. 1365-74.

103.  Larsson, S.C., C.S. Mantzoros, and A. Wolk, Diabetes mellitus and
risk of breast cancer: a meta-analysis. Int J Cancer, 2007. 121(4): p.
856-62.

104.  Larsson, S.C., N. Orsini, and A. Wolk, Diabetes mellitus and risk of
colorectal cancer: a meta-analysis. J Natl Cancer Inst, 2005. 97(22):
p. 1679-87.

46

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Kang, S., A.G. Bader, and P.K. Vogt, Phosphatidylinositol 3-kinase
mutations identified in human cancer are oncogenic. Proc Natl Acad
Sci U S A, 2005. 102(3): p. 802-7.

Samuels, Y., et al., Mutant PIK3CA promotes cell growth and invasion
of human cancer cells. Cancer Cell, 2005. 7(6): p. 561-73.

Venot, Q., et al., Author Correction: Targeted therapy in patients with
PIK3CA-related overgrowth syndrome. Nature, 2019. 568(7752): p.
Eeé.

Hopkins, B.D., et al., Suppression of insulin feedback enhances the
efficacy of PI3K inhibitors. Nature, 2018. 560(7719): p. 499-503.
Batzoglou, S., et al., Human and mouse gene structure: comparative
analysis and application to exon prediction. Genome Res, 2000. 10(7):
p. 950-8.

Gannon, M.C. and F.Q. Nuttall, Effect of feeding, fasting, and diabetes
on liver glycogen synthase activity, protein, and mRNA in rats.
Diabetologia, 1997. 40(7): p. 758-63.

Izumida, Y., et al., Glycogen shortage during fasting triggers liver-
brain-adipose neurocircuitry to facilitate fat utilization. Nat Commun,
2013. 4: p. 2316.

Andrikopoulos, S., et al., Evaluating the glucose tolerance test in mice.
Am J Physiol Endocrinol Metab, 2008. 295(6): p. E1323-32.
Berglund, E.D., et al., Glucose metabolism in vivo in four commonly
used inbred mouse strains. Diabetes, 2008. 57(7): p. 1790-9.

Lo, K.A., etal., Analysis of in vitro insulin-resistance models and their
physiological relevance to in vivo diet-induced adipose insulin
resistance. Cell Rep, 2013. 5(1): p. 259-70.

Levy, G., M. Cohen, and Y. Nahmias, In Vitro Cell Culture Models of
Hepatic Steatosis. Methods Mol Biol, 2015. 1250: p. 377-90.

Alge, C.S., et al., Differential protein profiling of primary versus
immortalized human RPE cells identifies expression patterns
associated with cytoskeletal remodeling and cell survival. J Proteome
Res, 2006. 5(4): p. 862-78.

Seth, P. and J. Higginbotham, Advantages and disadvantages of
multiple different methods of adenoviral vector construction. Methods
Mol Med, 2000. 45: p. 189-98.

Burke, J.E. and R.L. Williams, Synergy in activating class I PI3Ks.
Trends Biochem Sci, 2015. 40(2): p. 88-100.

Hawkins, P.T. and L.R. Stephens, PI3K signalling in inflammation.
Biochim Biophys Acta, 2015. 1851(6): p. 882-97.

Wymann, M.P. and G. Solinas, Inhibition of phosphoinositide 3-
kinase gamma attenuates inflammation, obesity, and cardiovascular
risk factors. Ann N'Y Acad Sci, 2013. 1280: p. 44-7.

47



Investigating the role of Class-1 Phosphoinositide 3 Kinases (PI3Ks) in insulin signaling and
obesity

121.  Boucher, J., A. Kleinridders, and C.R. Kahn, Insulin receptor
signaling in normal and insulin-resistant states. Cold Spring Harb
Perspect Biol, 2014. 6(1).

122.  Chattopadhyay, M., et al., Ablation of PI3K p110-alpha prevents high-
fat diet-induced liver steatosis. Diabetes, 2011. 60(5): p. 1483-92.

123.  Ciraolo, E., et al., Phosphoinositide 3-kinase pl10beta activity: key
role in metabolism and mammary gland cancer but not development.
Sci Signal, 2008. 1(36): p. ra3.

124.  Foukas, L.C., et al., Critical role for the p110alpha phosphoinositide-
3-OH kinase in growth and metabolic regulation. Nature, 2006.
441(7091): p. 366-70.

125.  Jia, S., et al., Essential roles of PI(3)K-pll0beta in cell growth,
metabolism and tumorigenesis. Nature, 2008. 454(7205): p. 776-9.

126.  Czech, M.P., Insulin action and resistance in obesity and type 2
diabetes. Nat Med, 2017. 23(7): p. 804-814.

127.  Titchenell, P.M., M.A. Lazar, and M.J. Birnbaum, Unraveling the
Regulation of Hepatic Metabolism by Insulin. Trends Endocrinol
Metab, 2017. 28(7): p. 497-505.

128.  White, M.F., IRS?2 integrates insulin/IGF I signalling with metabolism,
neurodegeneration and longevity. Diabetes Obes Metab, 2014. 16
Suppl 1: p. 4-15.

129.  Administration, F.a.D. FDA approves alpelisib for metastatic breast
cancer. 2019; Available from: https://www.fda.gov/drugs/resources-
information-approved-drugs/fda-approves-alpelisib-metastatic-
breast-cancer.

130.  Andre, F., et al., Alpelisib for PIK3CA-Mutated, Hormone Receptor-
Positive Advanced Breast Cancer. N Engl ] Med, 2019. 380(20): p.
1929-1940.

131.  Fritsch, C., et al., Characterization of the novel and specific
PI3Kalpha inhibitor NVP-BYL719 and development of the patient
stratification strategy for clinical trials. Mol Cancer Ther, 2014.
13(5): p. 1117-29.

132.  Chen, B., et al., Relating hepatocellular carcinoma tumor samples and
cell lines using gene expression data in translational research. BMC
Med Genomics, 2015. 8 Suppl 2: p. S5.

133.  Ma, R, et al, Switch of glycolysis to gluconeogenesis by
dexamethasone for treatment of hepatocarcinoma. Nat Commun,
2013. 4: p. 2508.

48

APPENDIX

Appendix I -Paper 1

PI3Ky activity in leukocytes promotes adipose tissue inflammation and
early-onset insulin resistance during obesity.

Breasson L., Becattini B., Sardi C., Molinaro A., Zani F., Marone R., Botindari
F., Bousquenaud M., Ruegg C., Wymann M. P., Solinas G.

Science Signaling. 2017 Jul 18,10(488).

Appendix II-Paper I1

Insulin-driven PI3K-AKT signaling in the hepatocyte is Mediated by
Redundant PI3Ka and PI3K Activities and is promoted by RAS.

Molinaro A., Becattini B., Mazzoli A., Bleve A., Radici L., Maxvall 1., Rotter
Sopasakis V., Molinaro A., Bickhed F., Solinas G.

Cell Metabolism. 2019 Jun 4;29(6):1400-1409.¢5.

Appendix III-Paper 111

Insulin Signaling and Glucose Metabolism in Different Hepatoma Cell
Lines Deviate from Hepatocyte Physiology Toward a Convergent
Aberrant Phenotype

Molinaro A., Becattini B. and Solinas G.

Manuscript submitted and under revision.

49



