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Abstract

Hepat ocel | u(l RG C{Hchaerscmonsotimacpcemmpan mar yanladice ®@u ne @ n c ¢
forSiost common cdreaar ngnd atulse »f caHEEr mort
occurs most commonly liind epmad d end ss wwaah Baesd nddigrr rl hyc
hepatitis B and C viruesarlhyHged aioob nprevserntce pat
sympt oms, tolfitbenddicesadystl mGuesabl e treatment opti
currently viemgl ddenigwrdgearnd and | i ver transpl ar
i mportance to f i nae& asdleitteathhioes moh cogriaw ckoemust a soer 5 (
bel ongeD-pho stpthhohexomiiameyy @PHNIJfe membrearss i n
and mice. Members of this family playthol es i
PGM1 representing the most widely expressed a
funchktmoomontrast to thePGMbheirs f@amedeguoimeam®mbgce:
ti ssues and | ocalizes to the adhflrm,s ijmunacdntor
to thedMophet ePns that exbiulgid&sadnzyGiMba ancatyi wil tay
structurwailt HFium dahdildnsi s suppoirineeobhgtbetutdeens PG
anadyt oskel eitnala pmmaeatmdeisme&deadtl adhesi onFoand contr
reasons that have drectr elmserd ndRNAerhm vied doR@M5 s h o w
a common characteriimsadli cdiiHgmweldCerqud iddandeeri s, kn
the roleothibtsP&GdMPptagsed temelrsdeveThespment an
thesisdissertatiorpresents the results of our investigatof the rolethatPGM5may playin

HCC progressiorwith the following specific objectives: (i), determingnetherPGM5 protein

levels chang& HCC in both human and mice, (@yaluate whether the localization of PGM5 is

altered during HCC progression in the liver, and ¢i@jermine the in vivo effects of PGM5
overexpressioand KOon HCC progressionsing mouse model$ he data presented
show ,t hian human og atHiCe&n ta nldi opg hieeBGMASp epsr oa fe i cna n ce
decreasedy using a mouse model of HCC, we show that PGMS5 protein levels deorease

time as the tumor progressés.the healthy liver, PGM5 is located in the smooth muscle cells
surrounding arteries and veins of healthy blood vessels, most notably at the portal triads of the

classic hepatic lobule. When HCC forms and progresses, this organized structure completely
changescausing a decrease in PGM5 protein leveldatsistageHCC, abnormal masses

A



enriched in PGM%orm. Interestingly, these structures are doaracterized by smooth muscle
surroundingolood vesseland insteadreclusters of bile duct®©ur findings revealed that low
PGMb5protein levels decreased with HCC progression and tissue localization was altered from
vascular smooth muscle in healthy livers to bile duct enriched clusters folangartumor

mass Overexpressing PGM5 in a transgenic mouse mweslfound taoincide withdecrease
tumor progressiom female micebut issues were found in this experimental model that limited

any conclusive interpretation regarding the direct effects of increasing PGM5 on HCC outcome
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Chapter 1. Phosphoglucomutase 5 andstpotentialinvolvement in hepatocellular

carcinoma

l1.1Introducti on

Hepatocel |l ulHQGC)c airsc itnhoemamo st ¢ o mmotnhadycpuer sof pr
primani pgtientshwadddrhdiintdieadsy isngch as cirrhosi s
infections, o0o[p0,38pttpn RPD28r theeasti mated numb
and intrahepatic Swade dsatcit mztaed aecsitmhaentd@,dUOO0
number oft-3de@PI0WE] n t hei hastledeeadpfdomoH€@l i ty
have beenTi@aatrmast ngptli iomisn d dighty dé0entamn tlee

stage of the cancéor the patientPot ent i al | v fonearlgstage@Ciriclbder api e s
surgical resection, liver transplantation and local tumor destruction mefotiigngiogenic

therapies are the only treatment used for the treatment of advanced stagedi#©Ghe radio

and chemgesistant properties 6f{CC[77, 148, 215]To develop new biomarkers and

therapies, a better understanding is needed for how proteins expressed in the liver change during

the formation and progression of HCC.

TheDphosphohexonfuatnasbay s(i BHM) of five member s: P
(PGM1) , Phosphoglucomutase 2 (PGM2), Phosphog
Phosphoglucomutase 3 (PGM3), PAM df éPmelsiperrogg!l uc o
have been demonstrategihtggl éssinich i oat alsy 2inz g mie 9|
reacfledeapPGM5 the only family member that appes
expreasmai mnihy mucueihvd et E sosctdd sbsztehe adhdgrliédis junc
These | ignig@eastdat eftourr aH GMb50 liteh tr @owg ¢ttthi tcsyt os kel e
proteins t-oelproamohesicet |llé&nd leh@ncturbelid@tiit ldiatgyc e

sugdeéasatt downr e g uRaNtAiso m ofo mAmd@M5 f eat ure of a ve
includi[Bdd,HOG , 1T6MBi,s 19Ba p t1e9rq Jeprraotvu rdee sr eavi ew p €

PGM5 and its involvementwiithh dfiddwes eqipediyfpiecalol



1. Rackground
1. PHMamily

TheD-phosphoheRMsuutpaesref ami |y consists of five m

Phosphoglucomutase 1 (PGM1), Phosphoglucomut a
(PGM2L1) , Phosphoglucomutase 3 (PGM3), and Ph
evidence hasotdemonsteakzgthes t hat <catfadlryze i mp

me mber s ofwitthhe stcheepntRiGMywhi ch has been found to
act i[viitey]

Al | PHM family members share conserved active
domaiocesns ear ved p hSesrpghsoisdeurei,nea (nPet al binding | o
and a phosphate binding site required for sub
from differehbicedi o 4BG&pHhsiugatrhe best function:
fami |l y srheomineart al yze the reversible tramsfterre of
6-p 0si talopbhgab U ¢cwhsiec h | ¢ hRS alred iMlywe i n tihe active
enzyQteh &l fPami ly members exhibit similar catal
substrates. For e xacregllyal,c oBR@NM3 néep m oG pciNsdtcdy | nt o
Gl c NI Achos phlage ef.i rst step of otHMWM &c ateimtey lilhsearsdPc h a n
Ser residgtes dpohnoastphoryl group to the sugar sub
containing two phosphoryl ¢ Séudnshitnmigh ealnteexrt n att e
phosphomuyl fgom the bisphosphoryl ated sugar in
product and +Selcbyelsgmefoft heh® family members

di stribution t{keegex piGMddhmimthiotl &8 r e@xattrntieadtned o

specific tid§3uesTHeseRHMIfgaamiel y members have be
tumors and their expression | evedasalnsitsamotrudg:
and showed that high expression | evels of PGM

over ail V[a2sdulrv phyl ogenetic analysis of BHM f ami

Regarding its biological rol e, PGM1 regul at es
i nterconver-$ploons phiatgé ulCcG&Rh phsart & [ 1IGB6HIPD s ie s
expressed in a variety of tissu@4] nmbaemhpsi nP



deficiency is |linked to a rardPGCMHEPESni wwhli cli s

is an aut osomal recessive disorderPGMilar act er i
PGMCDG is a multisystem disease, and most i nf
characterized by liver function abnormalities

observed i nl 4e]Jothe P@GMDR i @eaant sb e -gtarl eaactteods eb ys uDp p| e me
restore g[lykolsyk miv ¢ ®itnhge omuotu s e P&GMiLbs U bgedf in

embryonic lethality in homozygotes, p8@H showe

PGM2 is a phosphopentomutase thaflprasphatal yz
(R1P) a#Bphospbaee (R5P) and protein | evels ar
retina pad8lfpmlusent he substrate specificity fo

PGM1 and reflects a divergent evolution of f a

The varied tissue distribution of family memb
the interconve@mhoisepmadfe gl(E6®) s phdsghacesgeGl6B
mai nly exprefgdgsdpPiGM2tLie dlef aicmency is | inked t

production which causi ngl43ejJurodevel opment al d

PGMBas defeiamaNlacet yl gl-ptosmamatne manase aCAGREYL r
above,a phosphoacetyl3IT udaZEa]jnianeal nzteadseé he i nt
Gl nNAR t 0o &EprmMMdAphat-éP]Y GB66Naci s mainly express
secretory functions such as f(44®6i s, hxuarainwsar y
del eteri ouBGNBe&e aadlitonisnia congenitPRGMB&DG.or der i
Three patief@b& Wwavh P&®MB identified with recu

number of white blood cells including B cells
marr dwrfealPGME® @ ati ents al so harbored skeletal
cell transplantation has been shown7]to succes

Further more, heterozygous PGMB1uvAfinamti<<ehaWPe&M

del etion resulted in embryonic | ethaliofy, whe
function of PGM3 caused cell type spea@indic de
pl atel ets. Pat hol ogical c¢changes have been fou
of mal es, refudhBhting in sterility



PGM5 is unique as PHMeawminl y mleabel a kls4tOblelzey mat |
evidence for the nonenzymatic function of PGM
using substradmrdes tannalnarteeadc ttioonPGM1. The rati ona
PGM5 is most c¢closely related to PGM1 in amino
domain of PGM5 appears to be similar to PGMI1.
di stributamad,f shctuuicomries detailed bel ow.
Table 1.1: Members of the PHM family and their specificcharacteristics
Member | Subgroup Substrate Expression

Phosphoglucomutase lucose Iphosphate, glucose
PGM1 Pnog J *phosp J Liver, muscles

(PGM) 6-phosphat
PGM2 Phosphopentomutase pentose phosphosugars Spleenjung,thymus

Glucose 1,ébisphosphate | 1,3-bisphoglycerate and
PGM2L1 Brain

synthase glucose 1or 6-phosphate
PGM3 Phosphoacetylglucosaming N-acetylglucosamine Pancreas, heatrt, liver,

mutase (PAGM) phosphosugars and placenta

_ . Cardiac, smoothand
PGM5 undefined undefined
skeletal muscle




1.

PrdodperPhespldgl uproomuetians e 5

Ti sdiwseda ri buti on

PGM5, al so known as Aci-rceaullatne d rp-RBhiossipwhaoggR GiNrosm

d
d
[
|

t
e
b
P
b

e

escribed in 1994 in human uterine smooth mus
oubl et found to be highly expryepsesse danidn taidshseure
1.8]Staining of PGM5 in different tissues revVve
n muscle tissues and c¢lll54Thepecddi @aaWwéiyei ool

I ssspueeci fic expression analysis using differer

xpression of PGM5 in tissues that contain hi
|l adder [and, u2.1eQOu dRelrl Jt i ssues that express | ow
ancreas, spleen, recmRMA laemvdelss owarcdr . alHS @ hf dt
| adder, as wdglll4 6dsn avdarsecnuallarglIsamodot he muscl e <ce

Xpression pattern of PGM5 is highly 1dBegpenden

PGM5 was found to be | ocated mainly in the AJ

S

c

cyto

mooth muscl es, i ntercal ated discs in cardi ac
ostamer es -damdk smatfurséked et al muoscci |l aet, e da nwdi twha st hf
H ell5dt on

(7]

nterestingly, in smooth muscle, the 60 kDa p

muscle cells (SMCs), whereas the 63 kbDa isofo
modul atetlf edent[ilebt]&0r EMCer, it was discovered

p
u

d
e
p
d
a

rotein isoform was expressed in striated mus
pregul ated during the devel opmental stage of
i ffe

xperiments were found to exprE5BAntortahceer asnouudny

r emmof gbliSn.gsOD8 her t insussucelse acned Insonf rom cel |

erformed in 1997 by Moiseeva and Chritchl ey
ifferentiated SMCs, as expression was the hi
nd PGM5 |l evels decfr&4%kd upon proliferation



Strucrbolue adf PRGMbirlaemdacti ons

Since PGM5 was found to lack phosphoglucomutase activity in vitrinando, research into

its function has focused on a potential structural role. It was found that PGMBrisadile

protein that interacts with a variety of proteins including the large cytoskeletal proteins
dystrophin and utrophin, the actimosslinking protein filamin C (FLNc), and acinding

protein Xin[16, 140, 142, 216]nitial attemptgo find interactng proteinsof PGM5 identified

the cytoskeletal protein dystrophin as a major binding partner in cultured skeletal muscle cells.
Immunostaining of C2C12 myoblasts showed colocalization of PGM5 and dystrophin
throughout the process of myodifferentiation. In skeletadateutissue, they were found to
colocalize at the sarcolemma and myotendinous juncfidjsimmunocytochemical studies
concluded that PGM5 interacts with dystrophin aa@d Nterminal domain$216].

In cultured smooth muscle cells and fibroblasts, PGM5 was shown to interact with utrophin,
which is another component oéllularcytoskeletorj16]. Immunostaining of both PGM5 and
utrophin revealed colocalization mostly at the focal adhesions during the initial stages of cell
spreading and in confluent cells as well as along microfilaments. In breast epithelial cells, PGM5
and utrophin were found tmlocalize at celtell adherensype junctions, suggesting this

complex may play a role in linking actin filaments to the plasma mempt&hdn striated

muscle, PGM5 was identified to play an important role in early stages of assembly, maintenance,
and remodeling of the contractile machinery by interacting with the-audgptor proteins FLNc

and Xin, both known markers for muscle damfdi3, 142] Coimmunoprecipitation analysis
confirmed that PGM5 binds via itst€rminus to the @erminus of XinB (amino acids 962/8),
whereas its Nerminus (amino acidsi197) can interact with FLNc at domainsi 28 (d18 21)

[142].

In junctional structures such as intercalated discs of cardiac muscle and myotendinous junctions
of skeletal muscle where sarcomeres are added to existing myofibrils as well as in premyofibrils
and lesions, PGM5 was found to colocalize with XinB, XIRP2, BbNc. The XinBPGM5

complex was detected during electrical pulse stimulation (#RIBred muscle remodeling

where it is involved in the repair of myofibrils. In myofibrillardfscs, complexes of FLNc and
PGMS5 were detecteld 13, 142] Upon myofibrillar microdamage in cultured contracting
cardiomyocytes, FLNc and PGM5 are recruited to the site of damage where they are involved in



the construction of filamentous actin and the recruitment of myofibrillar proteins that facilitate
this proces$113]. In PGM5knockdown cells and PGMéeficient zebrafish embryos,
mislocalization of FLNc was observed as well as a myofibril formation defect and lower
expression levels of myaofibrillar proteins, suggesting that one role of PGM5 is to regulate
localizationand function of FLN¢142)].

Rol e of cPrGdMdr i n

Thepreciserole that PGM5 plays in carcinogenesis or tumor progression is still not fully
elucidatedOne possibility ighat PGMS5 is a tumor suppressor and downregulation of PGM5 is a
common mechanism for a variety of cancers to promote proliferation. For example, in breast
cancern(BC) tissues compared to adjacent normal tissues, PGM5 was found to be downregulated
and wamegativelycorrelated with diseadeee survival and overall survivfl68]. Low PGM5
expression in lung adenocarcinoma (LUAD) patients was also correlated to poor overall survival
[30].

A targeted proteomics study of human colorectal adenomas/adenocarcinomas (COAD) and
normal mucosa samples identified PGM5 as one of 6 proteins that were significantly
downregulated in adenomas and adenocarcing2i23 This wassupportedy another study

that showed decreased PGM5 expression in colorectal cancer (CRC) phtibnts

significantly associated with lymph node metastasis, clinical stage and poor pr¢489kis
Another analysis of mMRNA expression profiles in head and neck squamous cell cancer (HNSCC)
identified PGM5 as one of 6 downregulated hub gddesiever the methylation level ahe
PGM5genewas higher in normal tissue compared to tumor tissh&h suggestthat

methylationis not a likelyexplanatiorfor low expression PGM5 in HNSCJ23]. Bioinformatic
analyses and immunohistochemical assessment of both mRNA and protein levels of PGM5
revealed that levels are significantly lower in prostate cancer (PCa) tissue compared to normal
adjacent tissue, thus classifying PGM5 as a promising pstignmoarker. Low expression levels

of PGM5 were correlated with poor clinical outco[h@8].

A data mining study also identified PGM5 as a potential biomarker for liver cancer as protein

levels were downregulated in cancerous compared to normal adjacent tissue, and low hepatic



PGMS5 expression was correlated with poor progn@&§s However, experiments need to be
performed to verify these findinginterestingly, PGM5 was identified as a turspecific
neoantigen in gastric cancer (GB}1], and a hotspot mutation (198V) was identified for PGM5
in stomach cancer that potentially change protein function by affecting posttranslational
modification sites directly or indirectly via upstream pathwd@®]. PGM5 lossof-function and
gainof-function studies in different tumor cell lines have been performed in order to investigate
the role of PGMS5 in carcinogenesis. dggulation of PGMS5 in the CRC line HA9 significantly
inhibited the proliferative, migraty and invasive ability of these cells, whereas silencing of
PGMS5 in the colorectal cancer cell line HCT116 significantly increased cell migration and
invasion[199]. Furthermore, overexpression of PGM5 in the PCa cell lines LNCaB,dd
DU145 significantly decreased proliferation and migration of these cells in1/88).
Interestingly, microRNAs (miRs) and long ronding RNAs (IncRNAs) may also regulate
PGMS5 protein levels in certain types of cancer. For example;12#&3p was shown to

directly target and downregulate PGM5 in breast cancer cells to promote cedirptmii and
migration through aerobic glycolyqi$68]. In LUAD patient samples and cell lines, PGM5 was
directly targeted by miR293 and downregulated to promote proliferation, migration, and

invasion[30].
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1. 2.i3%seructuphg samd ogy

Anat omyhumaannmo u siever

The liver is thdargestinternal solid organ of the human body, and the only organ with potential

of complete regeneration after injury. Even though the human liver #obated, it is
anatomicallydivided into four lobes: right lobe, left lobe, quadrate lobe, and caudate lobe,
respectivelyf53]. Functionally, the Coui nadbdesstandadde!| of
in describing liver anatomy. Based on this model, the liver can be divided into two hemilivers,

four sectors and ultimately eight functionally independent segments, based on the portal and

arterial blood supply and hepatic drainage of the [i88].

The murine liver is lobated and also consists of four main lobes: left, right, caudate, and
guadrate, respectively, each of which has its own blood supply and biliary dri@@yje
Functionally, the four lobes are subdivided into seven total segments. The left lobe is subdivided
into the left medial and the left lateral lobe, the right lobe is subdivided into the right medial and
right lateral lobe, and the caudate lobe is furtl@msubdivided into the caudate process and

papillary processThe quadrate lobe has no further subdivigis 205]

Bl osmpgpl y

The liver receivea duelafferent blood supply bffow from bothportal and hepatiblood
vesselsThe total hepatic blood flow averages betweeri 180 ml/min per 100 g of livei73].

The hepatic arterglelivers 25% of oxygenated blood from the aorta into the liver. The
remaining 75% of bloodelivered tahe liver is via the portal vein, which supplies the liver with
watersoluble nutrients absorbed from the digestive organs including the spleen, stomach,
gallbladder, intestine and pancreas, that are being metabolized by the liver and distributed to
otherorgang49]. Well-oxygenated arterial blood and lessygenated, nutriefrich portal

venous blood mix within and travel through the sinusoidal networks towards the central vein

while entering and supplying the liver parenchyma ¢&[llg].



Lobuad ahitectluee of t he

The architecture of the liver can be described in three ways: the classic lobule, the portal lobule,

and the liver acinus.

Classicliver lobule Murine and human liver share the same highly organized lobular
architecture (see Figure 1.3). The thdémensional anatomy of the liver is made up of hundreds
of thousands of hepatic lobules, cell plates made @Qlbepatocytes connected as cords, also
known as trabeculae, and arranged into a hexagonal shape surrounding a central vein (CV).
Portal areas containing parts of the hepatic triad are located at each corner of the hexagon,
consisting of branches of the bile duct, portah\and hepatic artery. The portal vein and hepatic
artery are connected via a sinusoidal network composed of fenestratesinsidal

endothelial cells (LSECs) that eswb connecting to the central vditil, 107, 207] The space
between the apical membrane of the hepatocytes and the endothelial cell lining is called space of
Disse, in which resident stellate cells are locg®dd. Kupffer cellsareliver resident
macrophagethat together with other innate immune cells, are located within the siniygoid

attacling to the sinusoidal wa[46].

Portal lobule The portal lobule describes the exocrine functions of the livetakadthe form
of a triangle, connecting three central veins while encompassing one portal triad (see Figure 1.4).

Thus, a portal lobule includes portions of three adjacent classic hepatic |@@lles

Liver acinus and functionalzonation. The separation of hepatocytes into three distinct

functional zones between the portal and central veins hasktmsivelydescribed and is based

on the concept of the liver acinus, the smallest functional unit of the liver. The liver acinus is an
irregular shaped unit located around two portal triads and two central veins subdividing two
classic hepatic lobules, with the loagis connecting the CVs and short axis connecting portal
triads[169, 170, 172]see Figure 1.5).



The liver acinus has been divided into three circulatory zones based on different oxygen and
nutrient levels found in each zone. The periportal zone 1 consisi8 tieatocyte layers and is
located around supplying vessels, therefore being the zon¢gheithost oxygen and nutrient
content. Pericentral zone 3 consists & [ayers of hepatocytes and is closest to the central vein
and is characterized by low oxygen levels as cells in this zone receive blood that has already
passed through zones 1 and @né& 2 is an intermediary perivenous zone consistingldf 6
hepatocyte layers that, depending on arteriolar activity, can be transitioning into either zone 1 or
zone J171].

Cellul ar Anatomy and Cellul ar Functions

The healthy liver consists anammt 68 @% opfa raelnlc hcye
in the |l iver and are responsi bl epofroirisoomost of

composed of nonparenchymal <cells including |I|i
cells (KCs), intrahepatic |ymphocyt E&5s]eei | i ar

Figure 1.6).

SinglecellRNAs equenci ng of liversa e v ie edhest chooidpesidomod n

resident liver cell types iTsh mehowed that theuman liver is composed of 20 distinct cell
populations. These populations include six parenchymal hepatocyte populations characterized by
different gene expression patterns. Moreover, nonparenchymal cells of the liver encompass three
populations of endbelial cells including zonel, zone 2 and 3 LSECs and portal endothelial

cells; one population of biliary epithelial cells (cholangiocytes); one population of HSCs; as well
as reglent immune cells including two distinct populations of inflammatory and non

inflammatory KCs; one population of mature B cells; three populations of TR8lls
includingCD3Ub-cB | | s -eellsd and #; oriE population of Nike cells; as well as one

population of plasma cells and one population of erythroid [G&1R).

Compared to the human liver, the murine liver consists of three distinct populations of
hepatocytes, as well as endothelial cells, B cells, T cells, hepatic stellate cells, Kupffer cells and
cholangiocyte$243]. Each of these cells carries out specific functions that contribute to

regulating normal hepatic functions.



HepatocytesThese cells represetite parenchymal cells of the liver and carry out important
functions ofnutrientmetabolism and detoxificatiosf molecules in the blood supplue to the
different microenvironments in each zone, different enzymatic activities can be observed.
Hepatocytes in zone 1 carry out aerobic and catabolic functions such as gluconeogenesis,
oxidative phosphorylation, lipid and protein biosynthesis, fmgeluction, fatty acid oxidation
and ureagenesis. Zone 3 is the site whererab& and anabolic processes such as glycolysis,

glutamine synthesis, and xenobiotic metabolism take f&&ie

Liver sinusoidalendothelial cells. LSECs are highly specialized endothelial cells tmahprise

the endothelial lining of the sinusoidal network. $&eellsare characterized by the presence of
fenestrae that are arranged into groups called sieve plates, and a lack of a basement membrane,
therefore providing a connection between the sinusoidal lumen and the space {2Z3kse

LSECs in zone 1, zone 2 and zonexBibit differences in size and number of fenesirae

fenestrae of zone 1 LSECs are larger than those of zone 3, but fewer in their j22@&per

LSECs play an important role in maintaining blood and tissue homeostasis as part of the hepatic
reticuloendothelial system (RER)5]. LSECshave been shown to not only remove

endogenous waste material, but to @gbibit the capacityo remove exogenous ligands

including viruses with the helpf threefunctionally different endocytosis receptors (COLRA

the MAN-R, and the HA/SR) [194].

Kupffer cells. Kupffer cells were first described in 1876 by Karl Wilhelm von Kupffer as star

shaped (stellate) cells amistalenly believed to bepart of the liver endotheliufi10]. This was

later corrected in 1997 when Kupffercele r e i dent i fi ed as the |iver
macrophagefl49]. Together with LSECs, Kupffer cells are part of the RES and play an

important role in defending the liver against foreign molecjlgsThey have been shown to

endocytose endogenous and exogenous molecules including y22%g4KCs are located

inside the lumen of the sinusoids with a part of their cell body extending into the space of Disse

to interact with HSCs and hepatocyf&8]. KCs have been shown to transfer iron from aged



erythrocytes cells from the blood vessels to hepatoctteseby performing an important

recycling role for this important trace elem§gz@4].

Hepaticstellate cells. Karl Wilhelm von Kupffer first described hepatic stellate cells (HSCs) in
perisinusoidal spaces in the liver in 1876, maderstanding howhese cells were different from
Kupffer cells [110]. Decades later, HSCs were rediscovered by Véakéas vitaminA storing
perisinusoidal cellf217]. HSCsweredetermined to b&lentical to cells previously described by
Ito et alas fatstoring cell§92] and were also the same stellate cells first described by Kupffer.
In the healthy liver, stellate cells remain quiescent, and play a role in retinoid metgofgm
Upon activation due to liver injury, HS@ansform into a contractile, proliferative
myofibroblastlike phenotype and deposit collageamsl other extracellular matrix (ECM)
componentseading to fibrosis and cirrhog$02, 116]

CholangiocytesCholangiocytesalso referred to asiliary epithelial cells (BECs), are
specialized epithelial cells that compose the lining of the-iatrd extrahepatic bile ducts.
Cholangiocytes of larger duatghibit higher voluméhan those of smaller ducts. The main
function of cholangiocytes is to modify hepatoegtrived primary bile to ductal bile by
absorbing different molecules such as bile acids, glucose, amino acids and water; as well as
secreting molecules including'CHCO3 and water into the bil§201].

1. 2i4cancer

Primary liver cancer (PLC) is the third ma@stmmoncause of canceelated deaths worldwide
with approximately 900,000 new cases arising each[£268}. With a fiveyear relative survival
rate of only~20%, liver cancer accounts for one of the most malignant cancers inSHa&9].
PLC can be divided into four main types depending on the cell type of origin and tumor
microenvironmentHepatocellular carcinom@CC), cholangiocarcinoma (CCA),
hepatoblastoma (HB) and mixet&patocellular carcinomand intrahepatic cholangiocarcinoma
(HCC-ICC) [219].



HCC accounts for90% of all primary liver cancers and is the fourth namshmoncause of
cancerfrelated deaths worldwid&0, 58] HCC is most often caused by chronic liver disease and
cirrhosis resulting from hepatitis B and C infections, alcoholic liver disease as well as from
nonalcoholic fatty liver disease (NAFLDH0]. Ha w a ipdrticulaHyhigh inaidence rate of
HCC compared to other statesith the highest agadjusted rates measured in 2003, 2010 and
2013[223]. Fibrolamellar HCC (FHCC) is a very rare type of HCC and accounts for up to
onethird of HCCs developing in a healthy liver while only accounting #6f4.of all HCCH1].

CCA is the second most common liver cancer and originates in the epithelial lining of the bile
ducts. Depending on the location, it can be classified as intrahepatic CCA (iCCA), extrahepatic
CCA (eCCA) and perihilar CCA (phCCA)03]. CCA is primarily caused by biliary duct cysts

and bile duct stones, cirrhosis, as well as hepatitis B and C infe[3#ns

Despiteonly accounng for about 1% of all pediatric cancers, HB ikighly malignant hepatic
cancer occurring in children younger than three years ofl&§¢ The risk of developing HB is
related to genetic syndromes such as BeckWitademann syndrome (BWS), familial
adenomatous polyposis (FAP), Simpsaalabi Behmel syndrome (SGBS) and Sotos syndrome
[42, 68] Other risk factors include Trisomy 18, as well as congenital anomalies of the

heart/circulatory system, genitourinary system and of the musculoskeletal §/26m

CombinedhepatocellulaicholangiocarcinomécHCC-CCA) is an unusual form of liver cancer

that arises in the hepatocytes and cholangiocytes of the liver to combine both, HCC with CCA,
accounting for only about 1% of all PL{B9, 94} A thorough study ofHCC-CCA using

genomic analyses characterized two major subclasses: the more aggressosd| Setlass

and the classical subclass, characterized by components of both HCC anfiia@CG¥clonal

origin. This study suggests that HGCCA arises from a biphenotypic progen#ike precursor
[139].

M p



1. Hepatocellular carcinoma

Hepatocel | upraorgrceasrsciionnolmanera ci rr hoti c

Cirrhosis is the most common cause for the development of [BZ]JCApproximately80% of

all HCC arissin a cirrhotic liver[191]. Studies focusing on the etiology of HCC in a cirrhotic
liver concluded that 273% were caused by HCV infections-32% by HBV infections, 8%

by heavy alcohol consumption, followed by¥6% hemochromatosis and other factors, as well as
4-6% of unidentied cause$52].

In regards tdhepatitis virus infections;90% of cases of HCNhduced HCC and~70-90% of
HBV-induced HCC cases developed in patients with cirrljd88, 231] Moreover, every year,

10-20% of patients with nealcoholic fatty liver disease (NAFLD) advancentao nal cohol i ¢
st eat o MNASHA While 26% of these patients will develop cirrhost8% of cirrhotic

patients progress to HJGO, 203]

The formation of HCC ira cirrhotic liver is a weldescribed multistep process starting with the
development of precancerous lesions: dysplastic focin(g) or dysplastic nodules (>tim).
Dysplastic nodules are further divided into lgwade dysplastic nodules (LGDN) and higirade
dysplastic nodules (HGDN). LGDNSs are characterized by minimally abnormal hepatocytes,
whereas HGDNSs are characterized by cytologic atypia and more mogmadichanges. These
nodules can transform into early HCC, then progressed HCC and ultimatatiyanced HCC
[45, 108] The development of HCC in a cirrhotic liveayoccur at any stage of cirrho$g9].

Various mouse models of HCC and human @iateeshown that HCC originates predominantly
from mature hepatocytes, as well as from benign lesions generated by hepatic progenitor cells
(HPC)[145, 209] Somatic DNA alterations play a key role in the progression of HCC. Each
HCC nodule carries an average of 40 mutations, all working together in a coordinated way to
promote carcinogenedig5, 183] An exome sequencing study of 243 liver tumors found an
average of 21 silent and 64 nsitent mutations per tumor, and 11 pathways commonly altered

i n5%>»f HCC: TERT promoter mutations (60%YNT/R-Catenin (54%), PI3KXKT/mTOR

(51%), TP53/cell cycle (49%), MAP kinase (43%), hepatic differentiation (34%), epigenetic
regulation (32%) chromatin remodeling (28%), oxidative stress (12%), lI6/JAK/STAT (9%), and

TGFI3 (5%). Different risk factors of HCltave beemssociated with different mutations. For



example, alcohetelated HCC exhibited mutations in CTNNB1, TERT, CDKN2A, SMARCA2,
and HGF, whereas HBYelated HCC exhibited mutations in TPAB3].

Telomerase promoter mutations have been found to be the earliest somatic alterations detected in
HCC and to increase significantly during HCC development. TERT promoter mutations were
found in only 6% of LGDNs and 19% of HGDNs, compared to 61% of early$1&2% of

progressed HCC and 64% in advanced HC®1].

Weighted gene cexpression network analysis (WGCNA) was carried out in order to try and
elucidate the progressive gene expression changegsiagaluring the stepwise process from
pre-neoplastic lesions to advanced HQBing this approactys tissue samples of normal,

cirrhosis without HCC, cirrhosis, lovand highgrade dysplastic, very early HCC, early HCC,
advanced HCC, and very advanced HCC stages were analyzed. This study showedribat

the development of cirrhosis, pathways such as hepatic fibrosis/hepatic stellate cell activation
were activated and then decreased during HCC developmentyClellrelated pathways such

as cell cycle, mitosis and DNA damage checkpoint regulatianged during very early stages

of HCC and worsened witHCC progression to very advancsthgesGenes identified in these
pathways includ&INS1, NEK2, BUB1B, KIF11 and TOPZPhree of these geneSINS,
BUB1BandTOP2A were furthermore correlated wighhigh risk, poor prognosis and reduced
overall survival. Furthermore, metabolic pathways such as oxidative phosphorylation and fatty
acid Boxidation also decreased during very early onset of HCC. Genes identified in these
pathways includ®UT, AZGP1, HBB, HBA1, HBA2, HBD, SUCLA2, ACABMIUQCRCQ.
Moreover, protein ubiquitination and ephrin receptor signaling pathways decreased during early
onset of HCC and increased again with progression. Genes identified in these pathways include
ENO1, ARPC4andHSPORB1[236].



Hepatocell ubagreascoaomalhaenon

The remaining 20% of HCGCarise in a nostirrhotic liver due to different stimuli and develop
most commonly during the"®and 7" decade of lif§114]. Unlike HCC in a cirrhotic liver, non
cirrhotic HCC (NCHCC) forms de novo a manner that is neitherell-defined noistepwise.

More than 85% of patienis the U.Swith obesity develop NAFLD, which is the most common

cause of HCC in a nedirrhotic liver[67, 238] Moreover,~90% of patients with NAFLD show

more than one feature of metabolic syndrome (MS), which has been reported to strongly
correlatewith the development of HCC in the majority of cases ofaiorihotic HCC (NCHCC)

[3, 184] NCHCC in patients with MS, along with NAFLD, Type 2 diabetes mellitus and insulin
resistance (IR) is characterized by the release of variodsftaomatory cytokines such as

tumor necrosis f act er(L-8),lleptih and fesistidfobgwjthai nt er | e u k
decrease in adiponectiwhichtogethercontribute tahe development of hepatic steatosis and

inflammation that ultimately lead to HOT60].

The second most common cause for NCHCC is viral hepatisi;g frominfections with the

DNA virus Hepatitis B virus (HBV) and tolasser degeethe RNA virus Hepatitis C (HCV)

[159]. However, the prevalence of NHCC varies geographically due to different levels of

exposure to theeviruses[76]. In 30% of HB\trelated HCCs, hepatic carcinogenesis occurs

without any signs of cirrhos{479]. The integration of HBV DNA into the genome of
hepatocytesanlead tohepatocellulatransformation characterized by genomic instability,

epigenetic changes, telomere shortening, mutations in-pratogenes and/or tumor

suppressors, and the expression of genotoxins such as mutant HBV proteinsHiBehXxas

protein HBXx) [208]. HBx is a regulator oflifferent signaling pathways including Notch
signaling pat hway, Pl 3 K-carmenin@GiBnalm@apathwe®lg). and t he

Whnt/[&catenin signaling alterations are more commonly found in NIFCG3].

On the other hand, chronic HCV infections and inflammation have been shown to induce HCC in
a noncirrhotic liver,despiterepresenting only a small subgroup of H{235]. Unlike HBV,

HCV is categorized aa RNA virus that enters the host hepatocytes and produces viral proteins.
The HCV core protein has been shown to promote immortalization of primary human
hepatocytes, linked to the reactivatiortiod enzyme,elomeras¢l173]. HCV was further shown

to induce eMyc and p53 expression in different cell lir{@88], as well aso induce HCC in

MYy



transgenic mic§l44]. Moreover, the nostructural proteins NS3, NS4B and NS5A can also
induce carcinogenesis by interacting with host cellular proteins and promoters. For example,

NS3 has been shown to induce malignant transformation of host cells in vitro\ana[177].

Genotoxic substances such as aflatoxin B1 also contribute to the development of NHCC.
Aflatoxin B1, produced byspergillus flavushas been shown to induce mutations at exon 7,
codon 249, of the tumor suppressor gene TP53, which in turn induces NCHCC specifically in

countriescharacterized bitigh risk of exposure to aflatoxins such as Africa and M54].

In women, taking oral contraception dacrease risk fobenignhepatocellulandenomas
(HCA) that can ultimately undergo adenog®cinoma transition due tedatenin (CTNNB1)
activating mutations followed by TERT promoter mutations as the ultimate step of
transformatiorf152, 161] About 618% of HCAs undergo malignant transformatjb].

Mol ecsubtyphespactfocel | ul ar carci noma

Different molecular classifications of HCC have bgeneratedased on analysedth different
focuses such agene expression profiles, mutations, and the tumor microenvirorhéatjt
Here we focus on two distinct classes of HCC that were identified using genomic profiling

technique$ an aggressive proliferative and a less aggressivgraliferative subclasgB9].

Unlike the norproliferative subclass, the proliferative subclass of HCC is characterized by high
| e v e |-fatoprotéin (RAFP), a regulator for cell proliferation and migration in HCC and
commonly used as biomarki@;, 22]. Moreover, the proliferative subclass exhibits high vascular
invasion, chromosomal instability with frequent mutation$#b3 affecting cell cycle and
proliferation signaling pathways such as mTOR, RASPK and MET. On the other hand, the
non-proliferative subclass shows chromosomal stability with frequent mutatiGCiENINB1

affecting the Wr3-catenin signaling pathway. The proliferative subclass is related to HBV
infections, whereas the ngmmoliferative subclass is related NASH, alcoholic steatohepatitis and
HCV infections[122].



Vascohlaanrgédwespamocel |l ul ar carci noma

While the healthy liver has a dual blood supply by portal vein and hepatic artery, HCC mainly
receives arterial blood supd®6]. HCC is characterized as the most vascular solid tumor with a
high levelof intratumoral arterioles that differ from regular arteries located in the portal areas of
the healthy livef87]. During the process of carcinogenesis, vascular changes including

sinusoidal capillarization and arteriogenesis o¢284].

During the early stages of HCC progression, fenestrated hepatic sinusoidal endothelial cells
undergo phenotypic changes including the formation of basement membranes (BM) as well as
the formation into continuous capillarig94], a process known as sinusoidal capillarization

[181]. Sinusoidal capillarization can be observed by the expression of CD34, a marker that is not
expressed in normal sinusoidal endothelial 8. Multiple studies comparing cirrhotic

patients with and without HCC found that sinusoidal capillarization was uncommon in cirrhotic
nodules, significantly more common in leand highgrade dysplastic nodules, and most

common in HCJ26, 63] Arteriogenesis is the development of functional collateral arteries
surrounded bysMCs from preexisting arteriearteriolar anastomos¢’3].

The proteindsmooth muscle actin (ASMA3 a marker specific for smooth muscle cells
(SMCs)[193] thathas beemxtensivelyused for the identification of tumor blood vessels in
HCC|[87, 156] Calponin[47], and highmolecular weight caldesmon-@aldesmon)196], both
markers for differentiated SMCs, have been additionally used to identifytumtaral arterial
vessel density (AVD) in HCC. Immunohistochemistry staining-oéldesmon has shown an
increase of AVD in HCC compared to rtimorous tissugs5]. A more thorough study
comparing cirrhotic nodules, levand highgrade dysplastic nodules, and HCC showed that the
number and distribution of unpaired arteries were uncommon in cirrhotic nodules and increased
during tumor progressid26]. Furthermore, immunohistochemical staining usiatponin

showed that patients with advanced HCC harbored two types of blood vedstdsentiated

and undifferentiatedn patients increased levslof differentiated blood vessels were correlated
with better prognosigL80].



Angiogemepatsocal | ul ar carci noma

Angiogenesiss the formation of new blood vessels from preexisting endothelialasils a

typical hallmark of solid tumors including HJE30]. Comparisons between the oxygen levels

in tumor and normal liver tissue of different rodent models have shown significantly lower

oxygen levelsvithin the tumor, indicating a severe hypoxic tumor microenvironrfigr@, 175]

Angiogenic pathways in HCC are highly dysregulatdtth a majorityhavng been linked to the

transcription factor hypoximnducible factorl U (1HI)F, whi ch is upregul at €
environment$95]. Upregulationof HILU i n HCC cell s causes an i mb
angiogenic and antingiogenic factors that promote cell proliferation and angiogenesis by

stimulating surrounding endothelial cells to form new blood ve§38®. In HCC with

cirrhosis, elevated HE U expr essi on was cof2i8 | ated with po

Pro-angiogenic factors upregulated in HCC under hypoxic conditions include angiopoietins,
fibroblast growth factors (FGFs), plateli¢rived growth factors (PDGFs), and most commonly
vascular endothelial growth factors (VEGI&2, 147]

V E G Fhe role of VEGFs iboth physiologicahnd pathephysidogical angiogenesis has been
intensively investigated and reviewgd84]. In humans, the VEGF system consists of five
different members: VEGR, VEGFB, VEGFKC, VEGFD, and the placenta growth factor
(PIGF), as well as of three receptor tyrosine kinases (RTKs) (VEGRMEGFR2 and VEGFR
3) and two noftyrosine kinasdype reeptors neuropiliFl (NP-1) and neuropilir2 (NP-2)

[230]. VEGFR2, the major receptor for VEGA, -C and-D, is expressed in vascular
endothelial cells and plays a key role in angiogeriédis

VEGF-A (also referred to as VEGF) was first described as tumor angiogenesis factor secreted by
tumor cells to induce angiogenef84]. In HCC patients, elevated serum levels of VEGF have

been detected and correlated with high tumor microvessel density (MVD) and poor prognosis
[111, 162] Binding of HCGcell secreted VEGHA to VEGFR-2 on vascular endothelial cells

induced tube formation, cell migration, and invasion of these cells, and promoted tumor growth
and angiogenesia vivo [233]. Upon binding of VEGFA to thelg-like domains IgD2 and IgD3

of VEGFR 2, receptor dimerizatioaccursfollowed by activation and trareutophosphorylation

of the RTK Thisleads to the activation of an intracellular signaling cascatiech ultimately

induces angiogenesif220].



F G Hn humans, the fibroblast growth factor (FGF) family consists of 22 members, 18 of which
are FGF receptor (FGFR) ligands (FGIFGF10 and FGF16GF23),while the other four are
considered homologous factors (FE14). FGFR ligands are further divided into six subfamilies
based on sequence homoldd¥]. FGFs bind to fibroblast growth factor receptors (FGFRS),
which in humans consist of four members: FGER2, -3, and-4 [101, 106, 115, 158]The FGF
family has been shown to play different roles in the process of angiogenesis in HCC. For
example, a synergistic effect between FGF2 and VEGF was found in a murine mouse model of
HCC, in which FGF2 mediated upregulation of VEGF resulted in ineceasnor growth and
angiogenesif237]. Overexpression of the ribosomal protein S15A (RPS15A) in HCC was
shown to increase Wntifateninmediated FGF18 expression, which, through binding FGFR3

on endothelial cells, promoted angiogen¢sd. Moreover, some subtypes of HCC showed a
downregulation of the expression of FGFRB, which was correlated with higher vascular
invasion and more advanced tumor stages, and upregulation of HBFB&ulted in slower

tumor growth[5].

P D G Four PDGF genes (PDGFA, PDGFB, PDGFC and PDQ#yE been described in
humanscorresponding to five biologically active PDGF protein dimem®modimers PDGF

AA, PDGFBB, PDGFCC and PDGHDD, and one heterodimer PD&¥B. Furthermore, two

PDGFR genes (PDGFRA and PDGFRRve been identifiedorresponding to two receptor

tyrosine kinases (RTK$}100]. Binding of PDGF to PDGFRU or b
and b subunits of the receptor, thereby actiyv
activation of downstream signaling pathw#{/86]. PDGFs and PDGFRs are expressed by many

cell types including fibroblasts, vascular smooth muscle cells and different endothelial cells,
macrophages and platel¢ggl]. PDGF, as well as PDGFRs have also been shown to be

expressed in tumors including HZZR]. Under hypoxic conditions, HCEeIl-secreted PDGF

BB induced the accumulation and proliferation of hepatic stellate cells (HSCs) accompanied by
elevated VEGFA by HSCs that ultimately stimulated angiogen¢tsib]. Co-expression of

PDGFBB and VEGFR3 in HCC patients correlated to poor overall survi28]. Another study

showed t hat |l evel s of PDGFRU were increased i



correlated to poor overal/l survival and highe
correlated with higher MV[)222].

An g i o pBhe agiopaietin family is a group of vascular growth factors cangist four
members: Angiopoetid (Ang-1), Angiopoetin2 (Ang-2), and the mouse and human
counterparts Angiopoetid (Ang-3) and Angiopoetiat (Ang-4), respectivelj40, 129, 214]

Ang-1 is expressed by different cell typmsch asendothelial cells, pericytes, and smooth muscle
cells In contrastAng-2 is mostly expressed by endothelial cpii3, 82] Both, Angl and Ang

2 bind with similar affinities to the receptor tyrosine kinaseZ'{@yr kinase with Ig and EGF
homology domaing)s6] found predominantly on endothelial cells and hematopoietic stem cells
[48, 157] Binding of Angl to Tie2 induces receptor phosphorylation, whereas binding of
Ang-2 blocks Tie2 activatiofil29]. Ang-1 signaling is responsible for stabilizing and maturing
blood vessels by assisting in the communication between endothelial and mural cells, while Ang
2 signaling has been shown to induce vascular destabilization, sprouting and brigfjhiag
study comparing serum levels of patients with HCC (N=131), patients with cirrhosis (N=180),
and healthy controls (N=40) found highest levels of £ng patients with HCC, followed by
elevated levels in patients with cirrhosis, compared to healthyot®[#82]. Moreover, high
plasma levels of An@ were found to be correlated with poor prognosis in patients with
advanced HCC, as reported in a phase Il sfa@g]. Another study found that HG@erived
exosomes carried Arg on the surface and delivered it to HUVECs by exosome endocytosis,

causing an increase in angiogenesis by édirelependent pathwg228].



1.6Zr eatoeind rhse paaft ocel | ul ar carci noma

Treatment options for HC@re limited andlepend on the stage of the cancetlassified by the
Barcelona Clinic Liver Cancer (BCLC) staging syst&rhich is based on liver function and
performance statyd21]. For very early (0) and early (A) stage HCC including patients with
asymptomatic early tumors, and intermediate (B) stage including patients with asymptomatic
multinodular HCC, surgical resection, liver transplantation and local tumor destruction methods
are possible options to cure the carjé@d, 215] Treatment options for advanced (C) stage

HCC including patients with symptomatic tumors and/or an aggressive tumoral pattern-are anti
angiogenic therapies to target the highly dysregulated angiogenic pathways in HCC, as well as
immunotherapies. The ontyeatment options for late (D) stage HCC patients with poor
prognosis are symptomatic treatments since advanced HCC is-clredn@dieresistan{77,

121, 148]

Appr aviegls f or t hhe ptarteoacterhd rutl aacf car ci noma

Since HCC is a hypervascular tumor, nditiase inhibitors have been developed to target key
regulators of angiogenesis to prevent the formation of new blood vessels. Many drugs have been
developed and undergone clinical trials, but have not been approved due to failure at different
phaseg$60]. The first drug that was approved by the FDA to treat advancedvw#Ste

tyrosine kinase inhibitor (TK])sorafenihthat had previously been tested in other cell lines and
xenograft mouse models to have ar@ncer effects. In colon, pancreatic, and breast cancer cell
lines and various xenograft models of colon, breast anésmatt-cell lung cancer, sorafenib

inhibited tumor cell proliferation and neovascularization by inhibiting the sahneonine

kinases RaflL and BRaf and the receptor tyrosine kinase activity of VEGER2, and-3 and

PDGFRb [224]. In addition, sorafenib inhibited tumor growth and vascularization and

stimulated apoptosis and hypoxia in clear cell renal carcinoma (R8L)n liver cancer cell

lines and mouse xenograft models of HCC, sorafenib showed antiproliferative etidets

inhibiting angiogenesis and increéag apoptosig117]. After an uncontrolled phase 2 trial of
sorafenib in patients with advanced HCC that resulted in a median overall survival of 9.2 months

[2], a large international, Phase 3, placebatrolled Sorafenib HCC Assessment Randomized



Protocol (SHARP) trial was performed in 602 patients with advanced HCC. The trial resulted in
an increase of median overall survival of 7.9 months to 10.7 months for patients treated with
sorafenib compared to patients that received placebo and the el&DAtapproval of the drug
[124].

Lenvatinib is a multkinase inhibitor that targets VEGFR -2 and-3, FGFR1;2, -3, and-4,
PDGFRU, RET and KIT. Many in vitro and in viy
effects of Lenvatinib, such as in human breast cancer cell line-MBA231 by suppressing

lymph node and lung metastases by targeting VEGRIRd-3 [133], and by inhibiting VEGF

and FGFdriven proliferation and tube formation in HUVEC cells and human tumor xenograft
models[229]. Furthermore, lenvatinib showed promising antiangiogenic activity in human

thyroid cancer xenograft models, as well as in vitro by inhibiting the phosphorylation of FGFR1

in RO82W-1 cells and the phosphorylation of RET in T cE86]. A phase 2 study of

lenvatinib in 46 patients across Japan and Korea with advanced HCC showed acceptable toxicity
profiles in patients and resulted in a median overall survival of 18.7 m@ith#\ global phase

3 clinical trial (REFLECT) was conducted with 954 patients, half of which were treated with
Sorafenib, the other half with Lenvatinib to evaluate the efficacy and safety of Lenvatinib versus
Sorafenib as first line treatment. Results @ gtudy, including the median survival time of 13.6

months, as well as proven safety, ultimately lead to FDA approval of th¢ldx@p

The humanized monoclonal IgG1 antibody Atezolizumab (Tecentrig, Genentech Inc.) was
designed to target programmed delggand 1 (PBL1) to inhibit interactions with its receptors,
PD-1 and B7.1 (CD80) on-tells, therby restoring the Icell mediated antitumor activify#4,
85]. The recombinant humanized monoclonal IgG1 antibody Bevacizumab (Avastin, Genentech
Inc.) was designed to target VE@¥Fo block the interaction with its receptors VEGERnd
VEGFR-2 on endothelial cells to inhibit angiogen€g4i63]. A global, opeHabel, phase 3 trial
(IMbrave150), was conducted with 5patients, 165 of which were treated with Sorafenitie
the remaining 33@veretreated with AtezolizumaBevacizumab to evaluate the efficacy and
safety of AtezolizumalBevacizumab versus Sorafenib as first line treatment. Results of this
study showed that Atezolizumab combined with Bevacizumab resulted in better suariaihl
and progressiofree survival outcomes compared to Sorafenib treatf@@&nt7] These results
ultimately led to FDA approval of this drug as an approach to treat HCC

Hp
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A phylogenetic tree was constructed using MEGA8(] to show the evolutionary relationships among
the five members of the PHM family. Different colors depict the different proteins (PGM1 = red, PGM2 =

green, PGM2L1 = blue, PGM3 = yellow, PGM5 = purple). The orange circle marks the branch point
highlighting the close relation between PGM1 and PGM5.
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Fi gure Plolo h all e
The portal lobule has the form of a triangle, connecting three central veins surrounding one portal triad.

Thus, a portal lobule includes portions of three adjacent classic hepatic lobules.

H ¢



Fi gube Uiawierus andzofnuartdtoinon al

The liver acinus is an irregular shaped unit located around two portal triads and two central veins
subdividing two classic hepatic lobules, with the long axis connecting the CVs and short axis connecting
portal triads.The liver acinus is divided into three circulatory zones: periportal zone 1 with the most
oxygen and nutrient content, pericentral zone with lowest oxygen levels, and an intermediate zone 2 that

transition into either zone 1 or zone 3.



Parenchymal Cells Nonparenchymal Cells

~60-80% ~20-40%
Hepatocytes Endothelial Kupffer Cells Lymphocytes  Biliary Cells Stellate Cells
Cells ~20% ~25% ~5% <1%
~50%

Fi gubBe Plarencmg mpar amaekH yl maliovfert he

Hepatocytes are the parenchymal cells of the liver, making wyB0%0of all cells in the liver.
Theremainingnonparenchymal celiscludeliver sinusoidal endothelial cells (LSECs), Kupffer cells
(KCs), intrahepatic lymphocytes, biliary cells and hepatic stellate cells (HSCs).
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The formation of HCC in a cirrhotic livestartswith the development of precancerous lesions: dysplastic
foci (<1 mm) or dysplastic nodules (3im). Dysplastic nodules are further divided into{grade
dysplastic nodules (LGDN) and higjtade dysplastic nodules (HGPN hese noduledevelopinto early
HCC, then progressed HCC and ultimately, to advanced.HCC



Chapter 2: PGM5 is apotential prognostic biomarker for hepatocellular carcinoma

2. 1Introducti on

Hepatocel |l ulHGC)c airsc itnhoemaf ourt h most | eading ca
worl dwide with a strong mal e idreXdomi Wantlt ea ( ma

fi-year relative survival rate of ~ 20 %, HCC a:
the [UW8O.wi th a particul arl y 2h2i3gthCG npca tdieennctes rtay
experience poor prognoses with | imited treatm

understand the underlying mechanisms driving
an under st udi@Dp hmesnpbhrea h epxPoHilteaisley t hat i s mai n
in muscle tissues and has been found to | ocal
(SM(@gs1)5]Studies suggest that PGM5 predominant |
cytoskel et al pr-oéelkeli nadhesipop mdn e letédwh rlatl@2t]i | i t
di stinguishes PGM5 from the other four member
enzymes. Furidhdrhnmoreeatitah e othe of SMCs from a qu
phenotype is accompanied pyd4aThecreease aice umGMm
evidence that downregul ation of PGM5 is a com
HCC 30, 96, l1l6®atledtsilm@NiAheVelws PilGakb poor er ov
and rfete@eseurvival for these cancers, and PGM!
prognosis. A recent study showed that PGM5 mR!
tissue from patiaertng coompnaded itveradi ssues, an
mal e sex, but negatively correlated with adva

and advaheéy stage

Little is known regarding the exact role that
The followingstudy utilizes human HCC tissues along with a mouse nufd¢CC to determine
proteinlevels ofPGM5 in HCCversus healthy tissues as tumors progi@ss results show that

PGMS5 is highly expressed in smooth muscle cells surrounding arteries and veins in healthy liver
tissue and clearly demonstrate a decrease in PGM5 levels as vascular remodeling coincides with
tumor progressiarFromthese results we conclude tiRgBM5 serves as prognostic biomarker

for HCC.



2. Resul ts

Bi oi nf aranlayt 9ics dafaa ST&€C GA

PGM5mRNA levelshave beershown to decreasén a variety of cancers including breast

cancer, colorectal cancer, liver cancer, and lung adenocarc[B80n26, 168, 199However,
moststudies have not compared matched healthy and tumor tissues from the same patient. Thus,
we analyzed patient matched samples of HCC and healthy adjacent tissue u§iagaée

Genome AtlagTCGA) database to confirm previous published redOB$. Results showethat

MRNA levels of PGM&vere not significantlyower in HCC tissues compared to healthy

adjacent tissue (see Figu2.1A). Using this matched sampdg@proachwe found thathigh

levels of PGM5 mRNA in patients with HCC was correlated Wwétteroverall survival(see

Figure 2.1 B. These different results highlight limitations of TCGA database analyses given the
different stagesr typesof HCCincluded in such large data sets, which may contribute to

variability in resultsas well as including only patientatched samples for our analysis.

Given that80% of HCC develops in a cirrhotic livEr91], we analyzed patiematched samples

of HCC and cirrhotic adjacent tissue and found that PGM5 mRNA lexaissignificantly
decreaseth HCC tissues compared to cirrhotic tissues (see Figuréarl A. In addition,
PGM5mRNA has been shown to decreasseveralbther types of cancespwe performed
bioinformatic analysis on patiematched and nematched biopsies and found th&MN5

MRNA levelsweresignificantly decreased in tumor tissues compared to normal adjacent tissues

in all analyzeddataset¢see Figure 2.2Panel B.

| mmunohi st ochemilsdtanyl g s s\WEE hebrri nsanmp Isrecsw
decr eods & rMbt le v |

Mostfindingsin publishediterature and databases have focused on PGM5 mRNA |eviele

data includingprotein levels of PGMi healthy versus HCC tissukas not been fully studied

I n coll aboration with the Uni verQoletwgobmhed Hawali
HCC patienbiopsysamplesN=19) of tumor and healthy adjacent tissue. Samples were

examined by histological analysis aswbred inorder from 0 (negative) to 2 (strong signal).

PGMS5 staining wagound to exhbit the strongessignalin smooth muscleellssurrounding

on



hepatic arteries in healthy tissuegth faint stainingdetectedn the sinusoid In HCC tissue,
very low signal forPGM5 was observedith most tissue showing undetectable leyste
Figure2.3). As a parallel approach Westernblot analysis of patieritiopsies (N=5was
conductedand resultshowedthat PGM5 protein levelweresignificantlydecreased in HCC
tumor tissue compared patientmatchechealthy adjacent tissyseeFigure2.4). As a
comparison, PGML1 levels were analyzed in the same tissue samplésstgrn blot and not
found to significantly decrease in HCC tumad¥s.confirm that tissue proteins were not
decreased in a more general manneincludedWestern bloanalysis ofHeat schock protein
70 Hsp70, a protein known to bstrongly expressed IHCC [97]. Results found that Hsp70
was not decreased in HCC versus healthy adjacent tissue and supports the specific decrease of
PGM5 in HCC(seeFigure2.5).

| mmunohi st o@htinkd ®tibss yip b &isf © &y perta rodsh o w
decr easeddr oPtGeMbe | s

To complementhe bioinformatics studies performed on different types of catesaribed

above we coll aborated with the Universitoty of
analyzebiopsy sampledrom patients with breast cancer, colon cancer, lung cancer, prostate
cancerand sarcomasingimmunohistochemistrgetection oPGM5 protein levelsSimilar to

results from HCC samplewe foundthe highestexpressiorof PGM5 inhealthy adjacent tissue
compared talifferenttumor tissue (see Figure B). In healthy adjacent tissues, PGM5 staining

was stronglydetected in the smooth muscle cells of the walls of hollow organs as seen in the

Ha

colon, walls of passageways including arteries and veins as seen as in the lung and breast, as well

as in the healthy smooth muscle tissue within the structure of the pré&X&d was also
detected in the healthy adjacent skeletal tissue of sarcoma paiienssstently cancer tissuge
of varioustypeswere foundo either decrease PGM5 protein levels (as seen im calocer) or

completely lack PGM5 expression (as seen in sarcoma).



PGM5 Priev eli de carreca diefdf eHrCeOmitu smo d e | s

The aboveesultsdemonstratethat PGM5protein levels arsignificantlydecreaseth human
patients with HCCBased on the rationale thatreouse model of HCC would better facilitate a
time-dependent analysis of PGM5 to be conductezicollaboraedwith Dr. XinCh e n 6 s
laboratoryatt he Uni ver si ty o ftoedadusted®GMbiprot€ralevelssingtvGe nt er
establisheanouse modelsf HCC of female FVB mice. HCC was induced usthg Sleeping
Beautymediated somatic integration for lotgyrm gene expression mouse hepatocytes

either eMyc or AKT/N-Ras as previously describf82]. Tumors were harvested after five
weeks and snap frozen. Western blot analysis was performed to test whether PGM5 protein
levelsweredecreased HCC tumor tissues comparedrtealthywild-type livers. PGM5 protein
levels were found to be significanttiecreaseth both HCC models (See Figu2&’ B). Since
PGMS5 protein levels wereonsistentifiower in the tumorevolving AKT/N-Rasinduced HCC

this model was utilized for further studies

As a comparisonwe used the same samples gradformedwWestern blot tevaluete PGM1
protein levelswhich has been reported to decrease in H&2R]. We alsofound a significant
decrease in PGM1 protein levaétsboth cancer modeldut the decreases were much less
compared to PGM§see Figure 2.7 C).

Establ itisrha mgfsoar prCoCy r eisma loen femall e Cli7Bd / 6

The Sleeping Beautynediated somatic integration for lotgrm gene expression AKT/N-Ras
in mouse hepatocytes was adopted to C57BL/6 miegtimecourse manneo-activation of
AKT and NRas in the murine liver has been shown to significantly increase HCC tumor
development compared &KT alone, whereas {Ras alone did not induce tumor formation
[88]. For all experiments, agand sexmatched mice were usddvers were harvested after
three, four-, and fiveweeksfollowing plasmid injectios and compared thealthywildtype
control mice HCC progression was evidesiter three weekwith increasediver size over time
for both female and male mice (See Figur&ahd 29). The ratio of liver weight to body
weight increased over timalthough observation ohiceindicatedthat micewere asymptomatic

and showed no signs of morbidity



PGMprotlewenl scriemasae-depmaemdaner fol |l mwWiucg i W@CIi n
C57Bimk e

Using thetime coursenodel in C57BL/6male andemale miceestablished as described above
we investigate how PGM5levelsmay change over time as HCC is established and progresses
Western blot analysis was performed at thriur-, and fiveweeksfollowing plasmid

injection In both sexes, PGM5 was foutaldecrease over time as HCC progressed Figure
2.10). Interestingly, in males, PGM%dreaseé rapidlywith levelssignificantlylower than
controlsas early as three weeks pogection In femalesPGM5reductionwas evidenbut was
delayed compared to malésiter five weeks pst-injection when tumors were at the late stages
for both males antemales PGMS5 protein levels livers were 4fold lower compared tbealthy
livers (CTRL).

A Pearsson correlation analysis was performed to investigate the relationship between PGM5
protein levels and tumor sizes of both, female and male mice induced with HCC for three, four
ard five weeks.Our findings revealed that low PGM5 expression was significantly associated

with increasedumor size(seeFigure2.11).

We alsoexaminedGML1 protein levels in botfemales and males and found that PGM1 follows
a similar trend as PGM&ith decrease levels detectedver time However, the decreases for
PGM1 were much less than PGMB&ring HCC progressiofsee Figure.12).

Thie vaarchi tecture compl et édd we lcthppmegrets amud i snlgo WHSC C
reocalization ofpr #GMSs during this

The architecture of the healthy liver is highly organized into functional units called lobules. Each
lobule consists of a central vein that is surrounded by portal triads, made up of branches of the
bile duct, portal vein and hepatic artery. PGM5 is |atattethe portal triads, specifically in the

smooth muscle cells surrounding the arteries and veins.

During the formation of HCC in the liver, the normal architecture of the liver is disrupted and
becomes disorganized over time (see Figut8)2PGMS5 levels decrease, likely due to the loss

of organized vasculature and thtise portal triads. After five weeks of tumor formation, there is



no more healthy liver tissue left, and the liver is filled with nodules, which are abnormal masses
of tissue. Interestingly, these nodules are enriched with PGM5. When comparing PGM5 protein
levels in healthy versus tumor livers at five weeks, we seeaksmtdevels of PGM5 even

though PGM5 seems to be highly abundant in tumor livers. It is important to mention that PGM5
is present in all portal triads throughout the whole liver, which roughly consists of 100,000
lobules[38], whereas PGMS5 is only present in the nodules at five weeks after tumor formation

which are less abundant.

PGMS5 is located in theblood vessels of healthyiver, but translocates to otherstructures

during tumor formation

In order to investigate where PGMS5 translocates to at five weeks post tumor induction, we
stained tumor livew i t-$modih muscle actin (ASMAj marker for smooth muscle cells, as
well ascytokeratin 7 CK7), a marker fobile ductinjury [ 1.0n]the healthy liver, PGM5 is
located in the smooth muscle cells of arteries and {se@esFigure 2.13When looking at the
newly formed structures in the tumor livers at five kgethat are highly abundawith PGM5,
ASMA does not colocalize witRGM5. Instead, PGM3s found tocolocdize with CK7in bile
ductenrichedareaqsee Figure 2.14).

oy



2.8 scussi on

Thus far, an exact role for PGM5 in cancer has not been desc3itnme. research focuses on

PGMS5 in different types of cancer and slsdhat levels decrease in cancer compared to normal
adjacentissue[30, 168, 199]The data presented in this chapter suggests a role for PGM5 as
potentialbiomarkerfor HCC. More specifically, a marker to predict the progression of HCC, as

levels of PGM5 decrease eanceradvancs.

While recent bioinformatics analyses have posited PGM5 as a promising biomarker for HCC
based on MRNA expression lesfd6], these conclusions were drawn solely from data mining
approaches. Our research bridges this gap by demonstrating a reduction in PGM5 protein levels
not only in murine models but also in human cancer specimens, relative to adjaeent non
cancerous liver tigsge. Immunohistochemical staining has revealed the presence of PGMS5 in the
smooth muscle celsurroundinghepatic arteries and veins, with pronounced expression at the

portal triads of a healthy liver.

Utilizing a mouse model of HCoertimgandabsermedk ed t h
profound alteration in liver architecture. Thighly organized architecture of the healthy liver

with notableportal triads become obscured four weekspt&€ induction, coinciding with a

marked decline in PGM5 detectability via Westblot analysis and immunohistochemistry.

Interestingly between the fourtrand fifth-weeks posHCC-induction, novel structuresnriched

in PGM5emerge

Traditionally recognized as a marker for differentiated smooth muscle cells (SMCs), PGM5 is
most abundantly expressed in mature vascular and visceral SMCs, with expression levels
decreasing upo8S8MC proliferation] 1 4. Thle novel structures identified in the latter stages of
HCC induction, enriched with PGM5, were determined not to be SM@sjdenced by the
absence of alphemooth muscle actin (ASMA) during immunohistochemical examination.
Instead, these formations were identified as aberrant bile ducts through cytokeratin 7 (CK7)

staining, a known indicator of bile duct injury1.0 ]

To extend t he s caspregnostic bidnakéeydred HOGwe havetalgo
includedpatient biopsies abther types of tumors including breast, colon, lung, prostate, and

sarcomaOur findings reveal a consistent pattern of diminished PGMS5 protein levels attross

o



thesetypes of cancelLongitudinal studiesvolving larger cohorts are warranted to validate
PGM56s prognostic capabilities Moxoverstwredi ffer e
studies concluding why PGMS5 is expressed at areas of abnormal bile ducts is needed to further

study its potential active role in tumorigenesis.



2 Materimdt hondds
Mice

For all experiments, agandsexmatchedC5BL/6Jmiceobtained from Jackson Laboratories

were used. All animal protocols were approved by the University of Hawaii Institutional Animal
Care and Use Committee (IACUC) and were conducted in accordance with the NIH guidelines.
A maximum of five pathogefree mice were kept in one cage at 21 °C \rgle access to rodent
chow and water. Animals were exposed to a period of 12 h light and 12 h dark.

Human tissuesamplesfor Western blot

A total number of 10 human HCC and normal adjacent frozen liver tissue samples were obtained
from Accio Biobank Online.

Tabll 2Human tissue samples for Western b

_ Remaining NAT | Remaining
Case ID | Location QC
FF tumor FF

T2 TN 80% Necrosis 30%
N1-N4 Benign liver withcirrhosis

15070 17-2-4 N1-N4 T1-T3

T2 TN 70% Necrosis 0%
15494 |21-1-2 N2-N4 T2T3 T3 TN 60% Necrosis 0%
N3 N4 Benign Liver with cirrhosis

T1 PASS
15133 17-4-4 N1-N4 T1T3

T3 FAIL QC

T3 T4 Pass
190838 |(44-4-4 N2-N4 T3 T4

N2-N4 benign

T3 T4 Pass
20-0615 |5-4-3 N1-N3 T3 T4 _

N1-N4 Benign



Human tissuesamples forimmunohistochemistry

A total number of 30 human tissue samples of different types of cancer were obtained from the

University of Hawai 0i Cancer Center
Tabl2 ZHuman tissue sampl es
Type of cancer Sample ID Block number
A3
BOI 004
A5
Breast ilnvasive Al
] B41 046
ductalcarcinoma A5
A5
B41 059
A6
A3
CRJO0OOS
Al8
Colon moderately 51
differentiated CRW0OO1 =
adenocarcinoma
A7
CRWO0 20
A8
A5
L-057
All
Lung:
g Al
Adenocarcinoma, | L-0 8 7
} A5
papillary
A4
L-130
A6
Al4
EB37
Al8
Prostateprostic C5
_ EB39
adenocarcinoma C10
Al10
HlI B0 4
Al4
A6
CSTM020
Sarcoma: lgh grade Al10
sarcoma, A7
CSTM124
extraskeletal A9
osetosarcoma A4
CSTM162
A6




Western blot

Cells or tissues were lysed in low salt lysis buffer (150 mM NaCl, 50 mM Tris, 1% Triton X
100, 1% sodium deoxycholate, and protease inhibitor cocktail (Roche Applied Science) for 30
min on ice. To remove insoluble material, the lysates were centrifugeaxahum speed for 15
min. The total protein concentration in the supernatant was measured using a Bradford assay
reagent (BieRad). Lysates with equal concentrations were prepared and boiled in SDS sample
buffer for 10 min at 100°C. The proteins were teeparated by SDBAGE, transferred to
nitrocellulose membranes for 1.5 h at 100V, blocked for 1 hour at RT, and then incubated
overnight with the primary antibodies (1:1000). The next day, the membrane was washed,
incubated with secondary Alexafluor595iandy (Thermo Fisher Scientific, 1:10,000), and

visualized using the Odyssey ScannerCor).

Primary antibodies for Western blots included rabbit polyclonalR@W5 (Thermo Fisher
Scientific, PA584743 1:100Q, mouse monoclonal arbtactin (Santa Cruz, S6817582,
1:1000),mouse monolonal antinculin (Santa Cruz Biotechnology,-38614) andnouse
monoclonaHSP70 (Santa Cruz Biotechnology;2t). Secondary antibodies for Western blots

were purchased from i{€Cor Technologies.

Hydrodynamic tail veininjection to induceliver cancer

Cancer formation in the mouse liver was induced by combining hydrodynamic injections and
Sleeping Beautynediated somatic integration as previously descriB2f A total volume of 2

mL saline (0.9% Sodium Chloride Irrigation UPS, SteriCare Solutions) containing 20 ug of
AKT, 20 ug ofN-RAS and 0.8 pg oBleeping Beautplasmid was injected into the tail vein in

~7 seconds.

For WT mice, livers were harvested after 3, 4 and 5 weeks post tail vein injections, and were

subject to different analyses.



Preparation of tissue
Isolation of tissue

To collect organs, mice were asphyxiated with@@d a small incision was made in the
abdominal skin to open the mouse by pulling the skin with both hands to each side of the mouse.
The abdominal cavity of the mouse was opened, and livers were excised in an equivalent manner

from each mouse. Livers weneighted and cut into small pieces and processed accordingly.

O.C.T.embedding

Some pieces of the harvested livers were placed into a cryomold filledptitial cutting
temperatur€O.C.T.) compoundand placed on dry ice. O.C.T. blocks were stored in a sealed

container at80°C until ready to section.

Snapfreezing

The remaining parts were collected into Eppendorf tubes, put on dry ice and were then stored at

80°C to be further used for Western blot analysis

H&E staining of tissue sections

The O.C.Tembedded livers were cut into 10 um thick sections using a cryostat. First, sections
were fixed in icecold Acetone for 10 mins, rinsed with 1XPBS and then stained in Hematoxylin
for 30 sec. After washing with tap water for 5 mins, sections were staitie&osin for 1 min,
followed by incubation in 0.1% acetic acid for 1 min. Next, washing steps in tap water and
deionized water were followed by quick dips in 70% and 95% EtOH. Sections were then subject
to 2 mins incubation in 95% EtOH, and 2x 100% EtO#istly, sections were placed 2x in

Xylene for 5 mins, followed by the application of mounting media and coverslip.



Immunohistochemistry staining
Human samples

Patient biopsies were stained wtblyclonal antibodies foPGM1 (Sigma Aldrich, HPA024637,
1:20)and PGMYSigma Aldrich, HPA067102, 1:50F0llowing deparaffinization in xylene and
rehydration, slides were subject to high pH antigen retrieval (10 mmol/L EDTA buffer; pH 9.0),
followed by 3% hydrogen peroxide, blocking in 1.5%rmal goaserum(NGS), and blocking

with avidin-biotin block(SP2001, Vector Laboratories}lides were then incubated with 1:20

for PGM1 and 1:50 for PGM5 diluted primary antibody for 60 minutes followed by incubation
with biotinylated linkinglgG rabbitsecondary antibody, 20 minutes, then detection with avidin
biotin complex (Vector Laboratories) for 20 minutes and DAB substrated{@8inobenzidine;

SK-4100,Vector Laboratorig) for 10 minutes. Counterstaining utilizedmatoxylin.

Mousesamples

Staining of freshfrozen sections

The O.C.T. embedded livers were cut into 10 um thick sections using a cryostat. Sections were
stained with rabbit polyclonal arfBGM5 (Thermo Fisher Scientific, PA743; 1:200). First,
sections were fixed in ieeold Acetone for 10 mins, followed by incubation in 3%kifor 15

mins. Then, an ImmEdge pen was used to create a hydrophobic border around the tissue and
blocking of the Fc receptors was performed by incubation witiN&&for 1 hour. After

blocking, sections were stained with primary antibody overnight at 4°C. The next day, sections
were washed and incubated with a peroxidasgugated goat anti rabbit igG (Jackson
ImmunoResearch, 1:1000) for 30 mins followed by washithiacubation with DAB substrate
(3,3-diaminobenzidine; S¥100,Vector Laboratories) for 10 min at RT. Lastly sections were

subject to hematoxylin staining and mounting media was applied, and sections were dried.

Staining of FFPE sections

Formalinfixed, paraffirembeddedFFPE)adjacentmurine liversections were stained with
rabbit polyclonal antPGM5 (Thermo Fisher Scientifi®A5-84743; 150), ant-U-Smooth

np



Muscle Actin monoclonal antibody (1A4) (Thermo Fisher Scientifi©760-82; 1:8,000 and
Cytokeratin 7 Polyclonal Antibody (Thermo Fisher Scientifis5391-AP; 1:1,000).Following
deparaffinization in xylene and rehydration, slides were subject to high pH antigen retrieval (10
mmol/L EDTA buffer; pH 9.0), followed by 3% hydrogen peroxide, blocking in INES%&, and
blocking with avidinbiotin block (SP2001, Vector Laboratories). Slides were then incubated
diluted primary antibody for 60 minutes followed by incubation eittinylated

linking 1gG rabbitsecondary antibody, 20 minutes, then detection with aaitin complex

(Vector Laboratories) for 20 minutes and DABstrate (3,3liaminobenzidine; S¥100,

Vector Laboratories) for 10 minutes. Counterstaining utilized hematoxylin.

Bioinformatics analyses
Datamining

Data mining was used to analyze raw data of patients of different types of cancer. More
specifically, RNAseq data was downloaded from the publicly available R2 Genomics Analysis
and Visualization PlatformR2: Genomics Analysis and Visualization Platform (amy and

analyzed in GraphPad Prism.

Table 2.3: R2 data sets analyzed in this project

Matched data sets Source Unmatcheddata sets Source
Hepatocellular carcinoma | GSE54236 Mixed stomachadenocarcinoma| TCGA
Prostate cancer GSE70768 Mixed colon adenocarcinoma | TCGA

Clear cell renal cell _ _
_ GSES3757 Mixed lungadenocarcinoma TCGA
carcinoma

Colorectal adenoma GSES8671 Mixed breast TCGA

Phylogenetidreeanalysis

A phylogenetic analysis was performed using MEGAZI] with groups of sequences for each
human PHM family (PGM1, PGM2, PGM2L1, PGM3, PGM5) member to show the

nc


https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?open_page=login

evolutionary relationships among these proteins. Protein sequences were obtained using the
NCBI blast sequence alignment tool with maximum target sequences set to 50. Hypothetical,

predicted, and repeating sequences were excluded for the analysis.

Statistical analyses

Unpaired Studentdés t test was performed to co
test was performed when comparing the same groups with different conditions. To compare the
means of each group for experiments involving three or more graups/ay ANOVA was

used with Tukey podest. All comparisons were considered significarttpat 0.05. Statistical

analyses were carried out using GraphPad Prism.
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(A) Immunohistochemistry staining of PGM5 in healthy liver (CTRL) and tumor livers at three,, four

and five weeks post HCC induction in male C57Binige. (B) Immunohistochemistry staining of PGM5

in healthy liver (CTRL) and tumor livers at three, found five weeks post HCC inductionfemale
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represent 100 pm.
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Chapter 3: In vivo overexpressiorideletion of PGMS5 related to tumor size
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with the second restriction enzyme overnight.

amgargedeto confsermesheTheghigger band of the

containing the desired backbone was cut out o
of the pENTR EPT1 plasmid containing the desi
r etaicon was carried out in order to clone the (
vector, resulting in the pENTR PGM5 plERsmid.

col igrown overnight, and subsequentclay Rl aemidy
used for transient transfections. I n order to

PGM5 expression vector was €Sicogéessetee dF iwiutrhe t3h ed)



Sangequencing of pENTR PGM5

Sanger sequencing is a technique that i s base
a standard method used to determine the DNA s
DNA synthesis within the cell snuc3eemgeardesequen
triphosphates (ddNTPs: ddATP, ddGTP, ddCTP, dc
nucl eotides, resulting in the termination of

i ncorporated, Sanger sequencing Aksghtsegiaf DN
sequences ultimately wi l[ll7r8Jdegpdl!l itthye rwehaod se aDrNe
provided af4tOernuchlee oftii¥xgs@® AWM JtBd7dd@® 0 d e s

Sanger sequencing was performed by the Advanc
Bi oi nf  rAlB&GtPIBQs core at University of Hawai 6i a
primers within the PM5 open reading frame wer
(1 DT) PrE meolQueWd chose primers that were abol
other resulting in overlapping sequences. Seq
plasmid sequence using SnapGene. Our results
plasmiadi cead the intact mugee eFiPGUM5e g®.n®) sequel

Transfeewmttilenwoft h pENTR PGMS5

We
vV a
ce

fu

used the pENTR PGM5 expression plasmid for

|l idate that the transgene will be expressed
Il s are easily transfectablee twelvliad, dwhiec h hm
nctionality of our vector. Lipofectamine ha

HEK293 cell s, while fdad86lCeildg iwewhbDplga togwno ti ;K i

confluency was reached. Then, cells were tran
3000. The next day, transgene expression was

vehicle control to the cultedeusiedgal VISelLomi
machine by adding 100 uL of luciferin into th
showed |l uciferase expression, whereas cell s t
confirming that the pENTOR €PdCeMd FB)l qassme d3 wor ked



Making a pGENIE PGM5 plasmid for stable trans

Il nserting a | arge DNA sequence into the mouse
hyper acitnacet iswdtfi ng piggyBac temhaonmkeidn gptrioonru cwi
mi croinjection (PNI), thiZHeha| | waglkkacvanudbded al
pmhy GENIpEl asmi d encodi ngindot ipiagg ywRepaenrtzrcadeidv e ts
with our pENTR PGM5 e x pQleosnsaesaeq(tspebea sFnmigdu rues i3n g6 )

The CUR nmaesaect i on i s a technique used for cl oni |
vector, here, toTa oumbd ntehitsvot e@dhamrsing Wes, speci fi
in both plasmidBheaetdi easle avadRagmitteisan r egi or
containing a 7 bp sequenceé¢ 1lwWheddre, tvwee HMDaAWAe | e i
PENTR PGM5 plasihmi datboLtombas at Bh &3 ppihay GriziNd E

cont ai fad TRt Rnsdi taeTsT.R@I)rmo ntaésaec LiIRon, attlL sites
vector are recombined with ¢éhd tdatntgR isi ttéhse dfi n
expression ahaodmsat{t@Et4nT haet trBe s ul t-3 NGNS hp/IGESNmiEd
then transforred @iodltigroowvmpemnematn agar plate ov
ampi ci ot imel ecti on. Positive colonies were fur
restrict(8sré&hzymBgs!| Wer basedHtadetbh)irm that
worked and the plasmidswe Fsgluaée8. Was correc

St attlamsf ection of PpGENIE PGMS5

Before pomhyG@ENHhEEGM5 plasmids in animals, we tr
expression |l evels in different colonies. Ther
|l i pofectamine 3000 (ThermoFisher Scientific).
cell s were single sorted useiwedpl BRA@Sar2i4da h(oRD sB iy
transfCedt isoanenrieddAmi noact i AA_PYPEiondDstingui sh be
|l ive and eaddorceddmag-£DADc & btl ver aced Iolaanmde ns t ai n

t heir DNA, rrefadlswone ssge 4 @ Jeeblilgmwadd f or sorting o
onlAyter about -tbdrtiengeeklsopestt hat ssareenedved t
for transgene expression by add48mglate atotgl/ mL o f
volume of 100 eL of Luciferin was adkieoted t o t h



using the IVIS Lumina machine (Perkin Elm#rat can detect bioluminescenteiciferase

positive clonesvere subcultured into larger culture dishes using trypsin, and their growth was
subsequently expanded/estern bloanalysis was performed to check for expression levels of
PGMS5 in these clones. The exact number of copies was not determined in these colonies. Based
on the different expression levels of PGM5, we can assume for different numbers of transgene

(see Figure 3.9)

Generating transgetmiansipfp@GMa poniecme cili £iamg nj ecti o
I n coll aboration with the Institute for Bioge
University of HawaéedfhamnteMUppopanuRNIla)aswdspect i
performed to DPOXnedadcieblae sP@Mb e((isR@MIF)i)gmawse | |

Pronucl ear microinjection (PNI) is a technigqu
the male pronucleus of a zygote. 't WwWa®] first
and in 1985 to gener at8pntamnpmgkean ced aprbo rnwsc lame
injecNonp (sea techniqgue that has been shown
DNA into the mice genome compared to traditio
transposase as a meme me¢flBiddrihemty etwest8 fpanhy GENI
pl asmid developed for this technique, and use
successful i ntegration: a SV40 enhancer seque
cytoplasm 4b,,n2elo8dews hyperafBO9¢ piggyBac gene

Tdantroduce the transgene into the male pronuc
performed. First,-we eokedr oveurad tei ano ucsfe a sf cawrhi ev
hor mone pregnant mare serum gonavstbepbre (P&
of microinjection and the hormone human chori
mi croinjection. The female mouse is then bein
containing a pronucl eug 4a3r]&€i hatyeshedi apnecutuse
penetrated into tkeldoranbpelol byi g pdfy i axgo rae Pi
Piezo pulse causes the penetration of the pip
where the DNA tesdulftolmadwéed bysgepgseliLmgtofy,t

cy



embryo is transferred into a pseudopregnant m
with a vasectomized male, which triggers a ne

causes the devel opment of the wuafetreurs| @adfdi nmgr

The number of transgenes was determined using a TagMan Copy Number Assay. To confirm
transgenearrying mice 5pg/g DOX was injected intraperitoneally.?4 8 hour s | at er ,
Luciferin was injected intraperitoneally and luciferase activity was measured using the IVIS
machine. Only mice with the transgene showed lucifeaiateity (see Figure3.10). In order to

see if the transgene was inserted into the germline of the mice, positive mice were furthermore
mated,and offspring analyzed. Positive offspring showed germline transfection of parent

generation.

c o



32 Pwitrovaeaderiexpression of PGM5

Overexpression otelRGMEadiepe GdviAdOati on in vitr.

Several studies haghown that PGM5 is downregulated in different cancer cells and that
overexpression of PGM5 inhibited proliferation, invasion, and migration of cancer cell lines,

whereas silencing of PGM5 showed opposite effd@8].

In order to investigate whether PGM5 overexpression could decrease the proliferation of HCC
cellsin vitro, stable cell lines overexpressing PGM5 under the control of DOX were generated
(See Figure 2.9PGM5 overexpression was induced, and cell proliferation was monitored over
the course of four days. PGM5 overexpresswas showrto have no effect on proliferation of
these cancer cells (see Figure 3.11).

I n vivo PGM5 Over exporrensastiiopmoigpendds s @ ®f EE@&1 e i PG
mi c e

To determine the role of PGM5 in HCC formation and progresgigivo, weused our

transgenic moude (iPGM5)that induces PGM5 overexpression under the controDsD 4-

inducible TRE3G promoteas extensively described previously.

PGMS5 overexpression was induced every 48 hours by injecting DOX intraperitoneally following
HCC induction via hydrodynamic tail vein injection as previously descii®@ifor a total

period of five weeks. Since our iPGM5 mice without DOX treatment showed some leakiness
(seeFigure3.10.), we decided to add WT mice as control groups. Mice were given DOX or PBS
for vehicle controls. Three mice per group per sex were included in these fudéesales,

four mice per group for males.

DOX treatment alone showed a reduction of the tumorisifEmalesn our control groups,
which was previously reported in another study of HCE5]. In femalescombination of DOX
treatment and overexpression of PGM5 reduced the tumor size even more (see Rgure 3.1
However,Western bloanalysis did not confirm higher levels of PGMS5 in tumors of iPGM5
mice treated with DOX (see figuB13). In males HCC induction was more challenging
compared to females atigereforeyesults shownconsistencyand no conclusionsbout a

potential effect of PGM5 on tumor sizeuld be madgSee figure 3.4). This is because larger



and heavier mice need higher volume and speed of injection. Therefore, injections into female
mice usually result in less variability in tumor volume compared to male mice that are typically

larger and require more volume.

The degree of tumor vascul arization positivel

PGMS5 is a marker for differentiated smooth muscle cailtd PGM5 levels decrease when
smooth muscle cells stgstr o | i f[ € r4 Batlents wgth advanceld CC are characterized by
harboringtwo types of blood vesseisdifferentiated and undifferentiat¢i80].

In order to investigate whether PGM5 downregulation is a required step for HCC to quickly
progress and promote angiogenesis, a process that requires the proliferation of smooth muscle
cells, we measured changes in angiogenesiszoin WT control mice and iPGM5 mice at five
weeks post HCC inductioiVe foundthat the degree of tumeascularization positively

correlates with the tumor sif8ee Figur&.15and 3.16.

323l n dalvemt i on of PGM5

I n vivadelP&M5on does notfornmdateingegree susit an HCC

In order to investigate whether deletion of PGM5 will affect HCC development and progression,
we generated a whole animal PGkitock out KO) mouse by flanking exon 2 of the PGM5
gene and crossing it with a ntissuespecific CM\-Cre mouse line (geFigure3.17).

PGM5 KO mice were subject to HCC induction via hydrodynamic tail vein injection as
previously describefB2]. After a total period of five weeks, tumor livers were harvested and
compared to WT mice. No differences in tumuaissvereobservedseeFigure 3.18).



33Di scussion

The downregul ation of PGM5 in cancerous tissu
|l evel s, raises compelling quest]j8dbs 8a6pul68ftf s
199]

Il n order to i nvestHCggarec itrhegeamgisshaoeineBiS 5 | n

(i PGMM&ENDt ai ning a PGMhsgaene henoodiC®yt ppbdbmat et
the transposed cassientdeciablke kcoothenasng ke POX
genet atodedti PGM5 mice and confirmed the presenc
t r a n LLgnean fermation in the mouse liver of these iIPGM5 mice was induced by combining
hydrodynamic injections arfBleeping Beautynediated somatic integratiaf the oncogenes

AKT and N-Ras,as previously describd82].

Our findings reveal that PGM5 overexpression correlates with reduced tumor size and

angiogenesis in female mice, suggesting a suppressive effect on cancer progression. However,

the technical challenges associated with hydrodynamic tail vein injectionstraekiced

variability in the results, particularlybservedn male mice. This variability, alongside the

absence of increased PGM5 levels in D@&ated iPGM5 mice, indicates that global
overexpression may not be t heoleingancema I approac
developmentFurthermorePOX alone has shown to have acéincer and antitngiogenic

effects[12, 64, 135] contributing to more variability in this model.

Furthersmoceegwhbelrlayed a whole ani mal PGM5 KO
2 of the PGM5 gene with | oxP -cié¢epoaifthiesea om®isC ¢
mi ce wer e subj e c thydtodynami€igjeciionsdndSledpingrBeantgdated

somatic integration as previously descrif@2]. Kn o c loiung PGM5 i n t he whol e

not olyow iagonhdngnastuinmkoe@mpared to WT mice.

This ooabmbmeped with the variability in the ov
invol vement in tumorigenesis ambiguous. Nonet
in cancerous tissues positions it as a valuwuab



The data presented heaeibhi ngtaontg conPGMbub e
the complexitieselbdtemddgeénesgpeantievwo.di THerzax
neédrther 1T nvestigation to understand the int
influences on cancer biology. Addi tciamrceelrl y, r ¢
for manmaiyompr ovi de more consistent results and c

rol e.

Future research should focus on developing ta

accurately reflect the | ocalized nature of ca
picture of PGM56s influence on vcierlonuneanrt .pr oce
Mor eover, expanding the scope of research to
downregul ation has been observed may validate
potential therapeutic targets.



34Mat er i mdt hmohds

i PGMb cgener ati on

Restrengtydg@asti on

Pl asmids and/ or PCR products were digested ov
OL of the specific restrictionapenizfyme bsaséteta
of DNA.

Tabll Restriction enzymes

Re st r encztyinoen Buffer (10X)

I-Scel (RO0694) rCut Smart Buffer

Fsel (R0588) rCut Smart Buffer

Ml ul (R0198) NEBuffer r3.1

Xbal (R0145) rCut Smart Buffer

Bsr Gl (R0575) NEBuffer r2.1

Bglll (RO144) NEBuffer r3.1

Hi ndIRIOILO 4) NEBuffer r2.1

DNAl e am

E.Z.N.A.E Cycle Hek® Was (OmdgaoBibean up res
products before being used for I igation.
Ged&xtraction

MonafDANFA Gel Extraction Kit (New England BiolLa
up the DNA fragmegreds affrteem tthhee restriction enz



T4 igation
Ligation was carried out overnight at 16AC. T
1 OL of T4 DNA Ligase, 2 OL of T4 DNA Ligase
construct, determined based on DNA sizes (see
Tabl2 First ligation reaction
Latl backbone |[PGM5 PCR produ
Reaction 1 91 ng 66 ng
Tabl3® Hecond ligation reaction
PGM5 Up Step 1 EPT1 promoter
backbone
Reaction 2 92 ng 65 ng
LRCI onramscet i on
Cl onraesaect i on was <carried out for 1 hour at RT
containindglbn@lsewrizyme mi x (ThermoFisher), as
(see table below).

Tabl4e 3ICRoOnNrasaect i on
PENTR PGMS5
75 ng

pmhyGENI E
75 ng

Cl onResacti on




Transformati on

After | igation/ LR reaction wasel cwasi edansafopr i
50l ecompetent cells. Therefore, the reaction \
shock transformation for 30nsseicncaub adt2iAoCn, oo lilc

vol ume of 250 uL LB broth without antibiotics

1 hour at 37AC. Then, bacteria was added to
37AC.
Mi ma kpie p

E.Z. N. AFEeEn®basmid DNA -Mekly Wag ( ©Oend gtao Bp or i

plasmids from 30 mL of overnight <cultures.

ZymoPURE Plasmid Miniprep Kit (Zymo Research)
vectors used in our experiments (pEMNTUR ePGM5,

endotfaxien pl asmi d DNA.

PCR

PGM5 ampl i ficati on

I n order to add the restriction enzyme recoghn
TAGGGATAACAGGGTAAT were designed as foll ows:

Tabl®e PGM5 amplification PCR primers

Pri mer Sequence
PGM5 I S

forward

S5&TTTGGCCGGCCTTTTTCAGGTGATGABGGTGGC

50
PGM5 | S
TGAATATAGGGATAACAGGGTAATATGGACTAGATC
reverse -
o}




10X Tag Buffer with KCI and Taq DNA Pol ymer as¢
used. The PCR reaction was as foll owed:

Table ®PCR conditions

Ti me Temperature [ AC

2 min 95

30 sec 95

30 sec 63 35 Cycl s

45 sec 72

5 min 72

b 4

Colony PCR

24 colonies were picked with pipette tip fr
PCR tubes containing masQoelrornmiexs.s 5RXe aGotTiaoqnE Baur f
with GoTagE DNA P oMygyQieRraosnee gcao,n tM3ion0 1) was used

Tabl® ol ony

PCR primers

Pri melSequence

P GM5
4 F

5&6CACTGGGTCTGATEACCTC

P GM5

rever

5&TGACGGAAATATGGARBGCAAG




The PCR reaction was as foll owed:
Tabl& PCR conditions for col on

Ti me Temperature [ AC]

2 min 95

30 sec 95

30 sec 58 28 Cycl e

45 sec 72

5 min 72

b 4

Sandgemgquencing

Sanger sequencing was carried out by the
Bi oinformatics (ASGPB) core at University
pri mer s:

Tabl® PENTRsR@M=BNcing primers

Pri mer Sequence

PGM5 se|5ACATGTGTTTAGTCGAGGTTAAA
PGM5 se|5&AGAGTGTGCTGTGEAI CCAT

PGM5 se|58688AGTTTGCTGACAGGBGACCCA

PGM5 se|5&CACTGGGTCTGATEACCTC

PGM5 se|5&& AGATTCACGAGAG@BACCGG

PGM5 se|l5&&GGTGGGACATTTGAGTTGC

PGM5 se|5AGGTGTCATTCTATTBDBGGGGG

Adv a

of



Transposon enhanced pronucl ear microinjection

Oocytes were harvested from the oviducts of s
intraperitoneal i njection of 5 I U of equine c
injection of 5 I U of human chorionic gonadotr
wer e collb5echtoeudr GIG3piorsjtect i on. Theyaradeyt d 3 ower
cumulus cells using 0.1% bovine tes@€CZBul ar hy
medi TDan.i ntroduce the construct i nto tHhoeorneal e
pi petm)e wa2s pl aced i n awarntdact( ZWi)t. h At iPe ezon p up e
applied to penetrate the pipette into the cyt
to breach the pronucl ear membrane. Finally, t

the pipette was withdrawn.

To perform the oviduct transfer, three microd
covered wi tAh pmiene@no®lr eginlant f emal e mouse was a
injection, and the caudal dorsal area of the
iodine solution. Next, the mouse was placed wu
s de do@wnanm skin made st hex swlaisn was separated f
by bl unt dissecti on.heArotdhye rw.ail fivthBvsaiso rmatdherpawg h
surrouhei owas iptulrloeudgh t handwmawklysi amen fposi ti on
easy accessNexxt t hes bevadpd meatwted from  ,transfer
foll odedwhay ®X mm air bubbl e inwbdbthhemplrhpeest e,
bursa surroumwdisndg htemevit olnind wetemai r of tfoortcheep s
i nfundihb@ ltuinp opi pbaet tionewdasndds hhilmd w | t hwa air bub
visible witlhdxt Ityh,e tohva dawvcar.y/ f at pad and ut er L

abdominal cavity, followed by closing of the

LY



Comy mbasrs ay

Genomic DNA was isolated from the tail snips of the offspring, and transgene copy number

assay by duplex Tagman rdahe PCR (Thermo Fisher Scientific) was performed to determine

the number of transgenédsa g Man Copy Number Assay i s run in
reaction, cbabaledngedsa4VeTcRy avesldlyald@es| ead FIAMr g e
asslaryt dgrated DNATedAbtprna@Hdmge esa reference assa
transferrin receptor (TFRGMi,nadnd eg etaar ged te neesnst
the piggyBac system was used. The assay then

relative to a reference sequence. A positive

Tabl4&C@py number assay probes and primers
Reagent nmol gSequence

Probe 2.5 586 &AM/ ACGCCT CA CGGGRAGNCSRG
Primer 1 5.0 5&&CTGTGCATTTAGGACARTCTCAG]
Pri mer 2 5.0 B&&TGACACTTACCGCAT-BGACAAG

For all experiments, age asdxmatched male and female ®B weeks of age were used.
iPGM5 micewith one copy of the transgene were used, litter mates without transgemesed

as control group.

PGM5 KiOc e

PGM5"" chimeras with one wildtype (WT) and one floxed PGMS5 allele were purchased from
Cyagen and mated to generate P&WMBice on a C57BL/6 background. CM®re” transgenic
mice purchased from Jackson Laboratory were mated with B&M5generate
PGM3"M::CMV-cre” mice. Finally, the PGM%5"::CMV-cre’- mice were further mated with
PGM3F"" to generate PGM4 ::CMV-cre mice to delete PGMS5 in all tissues.

y n



CMV-cre was confirmed by PCR ampdifying a ~100¢L
GCGGTCTGGCAGTAAAAACTATG3 6 ; r e-GEGAAAEAGCBTOIGCTGTCACTT
36) .

PCR conditions were as follows:

TablZk0 3BRCR conditions -droag gen¢(
Ti me Temperature [ AC
3 min 95
30 sec 95
1 min 51 35 Cyc
1 min 72
2 min 72
b 4

PGM5"" mice were confirmed by PCR that amplified a 231 bp product in the WT allele and a

300 bp product i n t RKCACTRACARIGEGTGEAGARACBC3(0f;0r war d:
reverMEAAATCHCCAGGCTCGTCAATA-3 0 ) . For the detection o
leadingtoonedee ct abl e band for knockouts, the foll o
CTCTTACATTGGTGCAGAAACGG3 6, r eACEGAABGAGBEOTAAGTGAACCAA-

36.

PCR conditions were as follows:

Tabllkl 3PORdd ti ons f or fgle/infolt yp
Ti me Temperature [ AC
5 min 95
30 sec 95
30 sec 55 35 Cyc
30 sec 72
2 min 72
b 4




For all experiments, age asdxmatched male and female ®B weeks of age were used.

PGM5"" mice were used as control group.

All animal protocols were approved by the University of Hawaii Institutional Animal Care and
Use Committee (IACUC) and were conducted in accordance with the NIH guidelines. A
maximum of five pathogefree mice were kept in one cage at 21 °C with free adoeodent

chow and water. Animals were exposed to a period of 12 h light and 12 h dark.

Cel | s

SNU449 cells were obtained from Dr. Chenods | a
HEK?293 cells from oulaboratory were used. Cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1% Amtii (Gibco, 152460062) and

were maintained at 37°C and 5% £0

Il n venoamedi nrgamnfdecti ons

HEK293 cells were used for transient transfection of pENTR PGM5. SNU449 cells were
transfected with the pGENIE PGM5 plasmid to make stable cell lines. Cells were transfected

with Lipofectamine 3000 (Thermo Fisher Scientific).

For SNU449 stable transfection, cells were harvested 24h post transfection, stainedAlith 7

and live cells were singlsorted using FACSaria (BD Bioscience) intWell plates containing
compl et e RPMI medi um. After ~3 weeks, l'i ve cl
48hrs | ater, to check for overexpression of o
was added to the media. Luciferase positive clones were transferred into 24 well plates and

further expanded.



Cel | proliferation assay

To investigate differences in proliferation between WT and P@Wsexpressing liver cancer

cells, SNU449 clones were grown to-80% confluency in culture dishes and then trypsinized,
resuspended and plated into 3 separate@@bplates at a concentratiof 5,000 cells/well and

treated with or withouDOX at the time of plating. After 48h, the remaining cells were treated

again withDOX. Plates were collected after 24, 48 and 72 hours of incubation, media was

removed, and plates were wrapped in paradihd storeda8 0 A C. After al | pl at
collected and frozen overnight, plates were thawed and cells were lysed and quantified according
to the manufacturerdés protocol (CYQUANTE Ki t,
intensity was meased using a plate reader (Molecular Devices, Inc.) and the exact cell count

was calculated based on a previously recorded standard curve using WT SNU449 cells.

Il n experi ments
Transgene induction

To induce expression of our transgene in the cells, 2 pg/ mL DOX was added to the culture
media. 48hrs | ater, to check for overexpressi
Luciferin was added to the media and Luciferase expression was measiagethe VIS

machine (Perkin Elmer).

To induce expression of our transgene in the animals, iPGM5 mice were injected

intraperitoneally with either 5ug/g DOX or PBS (controls). 48hrs later, to check for
overexpression of our transgene, a total wvolu
peritoneum of the mice by using a 27G needle mounted on a disposable 1 mL syringelBfter 5

min, mice were anesthetized using Isoflurane and were put into the IVIS machine (Perkin Elmer)

where luciferase activity was measured.



Hy dr od ytaniegmim¢ e ct i onlvitetaa niced uc e

Cancer formation in the mouse liver was induced by combining hydrodynamic injections and
Sleeping Beautynediated somatic integration as previously descrjiB2H A total volume of 2

mL saline (0.9% Sodium Chloride Irrigation UPS, SteriCare Solutions) containing 20 ug of
AKT, 20 ug ofN-RAS and 0.8 pgoer oncogenef Sleeping Beautplasmid was injected into

the tail vein in ~7 seconds.

For iPGM5 mice, transgene induction was initiated the day after hydrodynamic tail vein
injection, every 48 hours by injection of S5uddX (ALX-380-273-G005, Enzo Life Sciences)
intraperitoneally, for a period of 5 weeks until livers were harvested.

Angi oSense

In order to investigate changes in vasculature, 2 nmol/100 pL 1xPBS of AngioSense 750 (Perkin
Elmer), anearinfrared labeled fluorescent macromolecule, was injected-ogitally 24 hours

prior to harvesting tumor liver§herefore, mice were anesthetized with Isoflorane, and put on a
heating map to keep body temperature stable. A drop of ophthalmic anesthetic was placed on the
eye that received the injection to provide additional procedural analgds@escent signal in

the whole animal and livers (ex vivo) wastectedusing IVIS Lumina with the following

settings: 745 ex/ICG em (standard Luminafilset) or 745 ex/800 em (optional 700 series

filter).

| sol atiissnu e

To collect organs, mice were asphyxiated withh@@d a small incision was made in the
abdominal skin to open the mouse by pulling the skin with both hands to each side of the mouse.
The abdominal cavity of the mouse was opened, and livers were excised in an equivalent manner

from each mouse. Livers weneeighedandphotographed.



St atiamaal gaks

Unpaired Studentodos t test was performed to
test was performed when comparing the same groups with different conditions. To compare the
means of each group for experiments involving three or more graupsay ANOVA was

used with Tukey pogest.A two-way ANOVA was used when testing how two independent
variables, in combination, affect a dependent varigkll&eomparisons were considered

significant at*p < 0.05. Statistical analyses were carried ountgu&raphPad Prism.

yp

c
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I-Scel Fsel 1-Scel Fsel
(2879) (4585) (15) (1782) I-Scel Fsel
|
Vector Insert ’ Product
+ 1767 bp ( 9134 bp )
& (=
...gggataa ccg... CAG...AGGCCGG .. .QggATAACAG. . .AGGCCGGccg. . .
«..CCC GGCCggce. .. TATTGTC...TCC ...CCCTATTGTC...TCCGGCCggcC. ..
&/,’,/-.itlg; MW 1 2 3 4 5 6 7 8 9
P N
4 N
V-4 *

L | .
?
L)
W\ I-Scel (2879) x 0.
@% " 1.0 % agarose

ssssssss

G MW 1 2 3 4 5 6 7 8 9

,;P’( A N

e B .
4 07—
i -
[
[ PGMS Expression Vector >

6502 bo ;

\ 2x0.5—

N .

\'\Lﬂy\ir‘/ 1.0 % agarose

Fsel (2633)

Figufie PRr,epar at igome @& p dPeCaus5i thhamc k b o n e

( ASchenoat iecxci si on of expression vect esrc ean da nPRdG MbBs cge
and subsequent | igati on tPoGMb5e nlepr aS(t&)ptlkEe pressi med v
PENTR Latl Upregul ation uSecdl asndakkdlo.neT h ad rgeetsit e

gel el ectr opl ceasgfessitsihoonow The upper band Bpows t he
that was wused in the foll owing st eSpcse.l (ath)d FFGMS .PC
Sc hemaetxipceroifment al geli n@gl sctcophoulesdisgesibwon. The
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