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ABSTRACT:

Foxa2 has garnered considerable interest in its pioneer functions and its role endoderm gut, and
liver differentiation, and development, and initiator of gene regulatory networks (GRN) in these tissues.
Although Foxa2 has been investigated in these systems, Foxal also compensates for its function, and thus
may also have compensatory effects in studies of Foxa2 regulation. In this study, we focus on the role for
both Foxal and Foxa2 in controlling endoderm GRN, liver activation in gut tube, and liver GRN. We first
compare endoderm induction protocols, and develop anovel model of liver induction under hypoxic
conditions that relies on minimal growth factors and enhanced morphology. We employ an RNAI (sSSRNA
and shRNA) approach to demonstrate the effects of Foxal/2 on endoderm induction, gut tube activation
of the albumin gene. Our data demonstrates widespread regul ation of the endoderm and mesendoderm
GRN, and albumin, which is significant for activation of the liver differentiation program. We then
analyze the Foxal/2 phenotype in stable liver cell lines, and engineer stable cell lines that demonstrate
potential reversibility of cell state. Finally, we perform RNA-seq and bioinformatics analysis that
demonstrates global GRN changes and transcription changes due to Foxal/2 perturbation, including
expansive changes in cellular differentiation and metabolism. These data suggest that Foxal/2 phenotype
has time-dependent effects on GRN and widespread effects on GRN, the liver transcriptome, and liver

metabolism.

INTRODUCTION:
Hepatic gene expression is precisely controlled by regulatory TFs which form a core GRN, well-studied,

evolutionarily conserved, TFs that together form a GRN termed the hepatic nuclear factor network
established in rodent and humans. The hepatic GRN include Foxal, Foxa2, Foxa3, HNF1a, HNF1b,
HNF4a, HNF6, Hex, Thx3, and Prox1 (Lau, Ng et a. 2018), (Harries, Brown et al. 2009). Despite being
established for over 20 years, recent studies have heightened interest in the role of hepatic GRN-TF
(Tauran, Poulain et a. 2019),(Wang, Wang et a. 2019). These core hepatic GRN-TF (Lau, Ng et al.
2018) function not only in differentiation and lineage choice (Ancey, Ecsedi et a. 2017), but alsoin
tuning mature functions like metabolism (Wang and Wollheim 2005), and regeneration (Huck,
Gunewardenaet al. 2019). Adding their clinical significance, they play a major role in defining disease
states like hepatic cancer (Wang, Zhu et a. 2014), fibrosis (Desai, Tung et a. 2016), and alcoholic
hepatitis (Argemi, Latasa et al. 2019). Further intertwining these GRN with human health, is that they
have been extremely successful in studies of transcription factor (TF)-based reprogramming experiments
from fibroblasts to hepatocyte-like cells (Sekiya and Suzuki 2011). Improved understanding of GRN is
therefore critical for improved understanding hepatocyte differentiation, reprogramming, physiology, and
disease.
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An important component of the core liver GRN isthe Foxafamily of TFs, which are awell-
studied family of proteins that have important functions not only in liver physiology but alsoin liver
development and organogenesis. Developmental defects in Foxa2 null mouse mutants result in an
embryonic lethal phenotype with defective formation of the foregut endoderm (Cirillo, Lin et a. 2002,
Hallonet, Kaestner et al. 2002). Overexpression studies indicate arole in endoderm maintenance
(Levinson-Dushnik and Benvenisty 1997). Seminal studies of the Foxa2 binding to the promoter of the
albumin gene within endoderm reveal ed that it remodels compacted, normally inaccessible chromatin at
the silent albumin promoter. Dueto itsunique structure, (Shim, Woodcock et al. 1998, Gadue, Gouon-
Evans et al. 2009) which resembles histonetail proteins, Foxa2 can remodel chromatin by binding to the
promoters of hundreds of silent, liver specific genes, and it’s activity was described as genetic
potentiation or “pioneering” activity (Bossard and Zaret 1998), (Duncan, Navas et a. 1998), (Jung, Zheng
et al. 1999), (Lee, Friedman et a. 2005). Consistent with this, in a conditional (Foxa3)-driven Foxa2 and
Foxal double knockout (-/-) mouse, the early liver bud does not form, with alack of both alpha-
fetoprotein (Afp) and albumin (Alb) expression, key markers in the endoderm and hepatic endoderm
(Lee, Friedman et al. 2005). In these studies, it was demonstrated that Foxal compensates for Foxa2, and
therefore a double knockout was needed to observe the global effect on liver devel opment. Indeed, this
functional redundancy for both Foxal and Foxa2 knockout has been observed in studies investigating bile
duct, pancreas, and lung development (Li, White et al. 2009), (Gao, LeL ay et al. 2008), (Wan, Dingle et
al. 2005) and intestinal cell differentiation (Y e and Kaestner 2009). During murine fetal liver
development at day 18, microarray studies indicate that Foxal and Foxa2 are functionally redundant
(Bochkis, Schug et al. 2012), in addition to the early liver bud studies at earlier stages. In the adult liver,
gene expression data strongly suggests that Foxal and Foxa2 do not compensate for each other (Bochkis,
Schug et al. 2012), while in the same study, CHIP-seq location studies indicate that ~1/4-1/5 of the
binding sites could be co-occupied by either Foxal or Foxa2. Co-occupied genesin adult liver included
genes that regulate transcription, embryonic development, lipid metabolism, vesicular transport, and
xenabiotic metabolism, aswell as the HNF factors HNF1a, HNF4a, and that the Foxal/2 co-occupied
sequences a so had increased recognition motifs for HNFla and HNF4a, indicating an active
developmental genetic regulatory network (GRN) in adult mouse liver, support by another study (Watts,
Zhang et al. 2011). Taken together, Foxa2 has profound effects on differentiation and metabolismin
rodent systems, but less so in human cells.

GRN are less understood in human endoderm, gut tube, and hepatic progenitor cellsthan in
murine models. A recent study performed a CRISPRI screen during endoderm induction demonstrated
that Foxal/2 controls expression of over 250 transcripts when targeted in endoderm (Genga, Kernfeld et
a. 2019). GRN within the mesendoderm are affected, including Hex, MixI1, Cerl, and Gsc, but Sox 17 is
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not affected by Foxa2 knockdown, and an altered chromatin landscape occurs. However, these studies to
do not employ targeting of both Foxal and Foxa2, even though they demonstrated effects on foregut
induction and hepatic differentiation. Foxal priming of liver genes within endoderm was studied in the
context of developmental competence. It was shown that poised enhancer states at devel opmental
enhancers, dictated by levels of H3K4 methylation and H3K27 acetylation, together with Foxalbinding,
primed genes for liver and pancreatic gene expression (Wang, Yue et a. 2015). However, these studies
also did not employ analysis of Foxal and Foxa2. Foxal and Foxa2 have received increased interest
because they have been widely used to program fibroblasts to hepatocytes in mouse and human cells
(Sekiya and Suzuki 2011),(Guo, Tang et a. 2017),(Nakamori, Akamine et al. 2017), (Song, Pacher et al.
2016), (Rezvani, Espanol-Suner et a. 2016). Although there is high homology in whole genome
sequences between species, the GRN that govern embryonic and organ development surprisingly, are
structurally and functionally distinct (Odom, Dowell et a. 2006). Taken together, this suggests that we
need to better understand the role of Foxal and Foxa2 and the GRN they regulate in endoderm, gut tube
endoderm, and hepatic endoderm.

In this study, we compare endoderm induction protocols, and develop a novel model of liver
induction under hypoxic conditions that relies on minimal growth factors and enhanced morphology. We
demonstrate the effects of Foxal/2 on endoderm induction, gut tube activation of the albumin gene. Our
data demonstrates widespread regulation of the endoderm and mesendoderm GRN, and albumin, which is
significant for activation of the liver differentiation program. We then analyze the Foxal/2 phenotype in
stable liver cell lines, and engineer stable cdll lines that demonstrate reversibility of cell state via Foxal/2.
Finally, we perform RNA-seq and bioinformatics analysis that demonstrates global GRN changes and
transcription changes due to Foxal/2 perturbation, including expansive changesin liver cellular
differentiation and metabolism. These data suggest that Foxal/2 phenotype has time-dependent,
potentially reversible, effects on GRN and widespread effects on transcriptome and cell metabolism in

hepatic cell lines.

METHODS:

Reagents/M aterials

Dulbecco’s modified Eagle’s medium (DMEM) (Cat. #: 10566024), OptiMEM (Cat. #: 31985070), RPMI
(Cat. #: 61870036), IMDM (Cat. #: 12440053), KO Serum (10828010), Penicillin-streptomycin (10000
U/mL) (Cat. #: 15140122), Fetal Bovine Serum (Cat. #: A3160602), 0.05% Trypsin-EDTA (Cat. #:
25300062), B27 (50x) (Cat. #: 17504044), Ham's F12 (Cat. #: 11765054), N2 Supplement (100x) (Cat.
#:17502048), 50x B27 supplement (Cat. #: 17504044), Lipofectamine RNAIMAX Transfection Reagent
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(Cat. #: 13778030), Beta Actin Loading Control Antibody (Cat. #: MA5-15739), and Puromycin: Liquid
(20mL) (Cat. #: A1113802), DMEM (Invitrogen Cat. #: 10566024), DAPI (Cat. #: 62248), Precast gels-
Bolt 4-12% Bis-Tris Plus 10-well gels (Cat. #: NW04120BOX), and nitrocellulose transfer stacks (Cat. #:
IB23002) were purchased from Thermo Fisher. STEMdiff Definitive Endoderm induction medium (Cat.
#:05110), Activin A (Cat. # 78001.1), mTESRL1 (Cat. #: 85850), keratinocyte growth factor (KGF, FGF-
7) (Cat. #: 78046), fibroblast growth factor 2 (FGF-2, bFGF) (Cat. #: 78003.1), and epidermal growth
factor (EGF) (Cat. #: 78006.1), and Gentle Cell Dissociation Reagent (GDR) (Cat: #: 07174), were
purchased from StemCell Technologies. G418 (Roche) (Sigma Aldrich Cat. #: G8168-10ML),
Doxycycline, (Cat. #: D9891-1G), L-Ascorbic Acid (Cat. #: A4544), MTG (Monothioglycerol) (Cat. #:
M6145), Polybrene (hexadimethrine bromine) (Cat. #: 107689), were purchased from Sigma Aldrich.
Aurum Total RNA Mini Kit (Cat. #: 7326820), DNase | (Cat. #: 7326828), iTaq Universal SYBR Green
Supermix (Cat. #: 1725121), and iScript cDNA Synthesis Kit (Cat. #: 1708891) were purchased from
Bio-Rad. Pooled siRNA for Foxal (§sGENOME SMART POOL Human FOXA2 (#3170)) and for Foxa2
(SGENOME SMARTPOOL Human FOXAL1 (#3169)) were purchased from Dharmacon. siGLO
Cyclophilin B Control siRNA (D-001610-01-05) and non-targeting siGENOME nontargeting pool #1 (D-
0012060-13-05) was purchased from Dharmacon GE life sciences. Matrigel, Growth factor-free (Cat. #:
40230), was purchased from Corning. Bovine Serum Albumin (Cat. #: 10791-790) was purchased from
VWR. CHIR (CHIR99021) (Cat. #: 13122) was purchased from Cayman Chemical. Rho-associated
kinase (ROCK) inhibitor (Y 27632 2, Cat. #: MBS577605) was purchased from Mybiosource.com.
Fugene HD Transfection Reagent (Cat. #: E2311) was purchased from Promega. 96-well PCR plates (Cat.
#: L223080), Tissue Culture Treated 24-well plate (LPS Catalog #702001), 75-cm2 Polystyrene tissue
Culture-Treated Flasks (LPS Catal og#708003), PCR Plate Covers ( LPS Catalog #HOTS-100) were
purchased from Laboratory Product Sales, Inc. The pLKO.1 puro (Cat. #: 8453), pLK O-shFoxal#1 (Cat.
#: 70095), pLK O-shFoxal#2 (Cat. #: 70096), and pLKO-shScramble. #: 1864) plasmids were purchased
from Addgene. Human hepatoma (HepG2) (Cat. #: HB-8065) were purchased from ATCC. All primers
were purchased from either Integrated DNA technologies (IDT), Sigma Aldrich, or Thermofisher.

Antibodies

Mouse anti-human beta actin (Thermo Fisher, Cat. #: MA5-15739), mouse anti-human Foxa2 monaclonal
(Thermo Fisher, Cat. #: MA5-15542) were purchased from Thermo Fisher. Mouse anti-human abumin
monoclonal (Abcam, Cat. #: ab10241) was purchased from Abcam. Mouse anti-human albumin
monaclonal antibody (sc-271604) and mouse anti-human AFP monoclonal antibody (sc-130302) were
purchased from Santa Cruz Biotechnology. Rabbit anti-human Sox17 antibody (NBP2-24568) was
purchased from Novus Biologicals. Mouse anti-human Oct3/4 antibody (sc-5279) was purchased from
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Santa Cruz Biotechnology. HRP-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, Inc. antibodies. Goat anti-mouse Secondary antibody (Alexa Fluor 488)
(cat no. A-11034) was purchased from Thermofisher. Goat anti-rabbit Secondary antibody (Alexa Fluor
568) (cat no. A-11011) was purchased from Thermofisher. FITC and TRITC conjugated, anti-mouse,
rabbit, and goat antibodies, and 1gG control antibodies were purchased (Santa Cruz Biotechnology).

Preparation of stem cell differentiation medium (SFD medium)

Basal differentiation medium for human pluripotent stem cell differentiation towards endoderm, gut tube,
and liver contained SFD, a serum-free, defined medium based upon other mouse and human stem cell
studies (Gadue, Huber et al. 2006). SFD medium contains RPMI supplemented with 75 % IMDM, 25%
Ham's F12, 0.5% N2 Supplement, 0.5% B27 supplement, 2.5 ng/ml FGF2, 1% Penicillin + Streptomycin,
0.05% Bovine Serum Albumin, 2mM Glutamine, 0.5mM Ascorbic Acid, and 0.4mM Monathioglycerol
(MTG).

Feeder-free culture (maintenance) of human pluripotent stem cells.

We performed experiments using the UCSF4 human embryonic stem cell (hESC) line (NIH Registry
0044, female), acommercially available induced pluripotent stem cell (iPSC) line (BXS0114 ACS1028
female (ATCC), and aNIH registered iPSC cell line (HUES53, (NIH registry 0055, male), akind gift
from Richard Gronostajski, PhD, University at Buffalo. UCSF4 cell line was a kind gift from Susan
Fisher, PhD, UCSF Institute for Regenerative Medicine and stem cells. Human pluripotent stem cells
(hPSC) were cultivated at 5% O,, 5% CO,, (Tri-gas HERAcell VIOS 160i CO2 incubators) using
MTESR1 medium (warmed to room temperature), on 6-well tissue culture-treated plates, coated with 1:15
diluted (in DMEM) growth factor free-matrigel. Wells were coated with matrigel by adding 1 mL of
diluted matrigel per well of a6-well plate, and incubating for 1.5-2 hrs. at 37°C. Excess dilute matrigel
was then removed and the wells were washed with PBS. Cell culture medium was changed every other
day. For passaging, the mTESR1 medium was removed, 1mL of gentle cell dissociation reagent (GDR)
was added for 10-15 minutes, and cells were removed from the dish. For passaging, the mTESR1 medium
was removed, ImL of gentle cell dissociation reagent (GDR) was added for 10-15 minutes, and cells were
harvested from the dish. Cells were centrifuged 3 minutes at 800-1000 RPM (Ependorf 5810 table top
centrifuge) and resuspended. Cells were frozen in mTESR1 medium + 5% DM SO at -80°C overnight,
followed by liquid nitrogen cryostorage. Passage number varied between 15-35 for all experiments.

Endoder m induction from human stem cells under low oxygen.
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Endoderm induction was carried out under low oxygen conditions (5% O, , 5% CO,) using two different
differentiation protocols. hPSCs were harvested by replating cellsin mTESR with 10uM ROCK inhibitor
overnight at 50,000-200,000 cells in a growth factor-free matrigel-coated, tissue culture treated 24-well
plate. Coating was accomplished with adding 300uL of diluted matrigel (1:15 growth factor-free matrigel
in DMEM), per well, for 1.5-2 hours of coating, with excess matrigel removed. The next day, endoderm
was induced using one of two different protocols.

Thefirst endoderm protocol was the STEMdiff definitive endoderm induction kit. 500ul of
Medium 1 (containing reagent A + B) was added from day O to day 1, and 500ul of Medium 2 (containing
reagent B) was added on days 2 to 4. A second endoderm protocol was devel oped specifically for
improved survival at low oxygen. In RPMI medium with B27 (no insulin) and KO serum, definitive
endoderm was induced with Activin A (100 ng/ml) and CHIR (3 uM) for 1 day, followed by Activin A
(200 ng/ml) for 3 more daysin RPMI + 1x B27 (noinsulin), and 0.2% KO serum. Medium was changed
daily and 500-750ul medium was used per well. The 0.2% KO serum was added for improved viability at
5% O,, and higher seeding densities improved culture morphol ogy.

Gut tubeinduction from human pluripotent stem cells

Gut tube (GT) endoderm induction from definitive endoderm was performed in SFD medium (Gadue,
Huber et al. 2006) (see: Preparation of SFD medium) containing keratinocyte growth factor (KGF or
FGF7) (25 ng/ml) for an additional 2 days.

Hepatic differentiation from human pluripotent stem cells

Two protocols were used for liver differentiation.

Growth factor-free gut tube/ hepatic differentiation protocol: To promote spontaneous differentiation of
human stem cells under 5% O, conditions, we added SFD medium with KGF (25 ng/ml) for atotal of 10
days until day 14, with medium changes every day. Cells remained in 24-well plates, and SFD medium
was changed daily. No additional growth factors were added.

Growth factor-positive hepatic differentiation protocol: To promote hepatic differentiation with growth
factors, we adopted a protocol from the literature (Takebe, Sekine et a. 2013). Briefly, on day 6 of culture
after gut tube induction, bone morphogenetic protein 4 (BMP4, 10 ng/ml), and fibroblast growth factor 2
(FGF2, 20 ng/ml) were added from days 7-10, and hepatocyte growth factor (HGF, 10 ng/ml), oncostatin
(20 ng/ml), and dexamethasone (100nM) were added from days 10-14.

Stableliver cell lineculture
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Human hepatoma (HepG2) (Cat. #: HB-8065) cells were maintained with 10mL of DMEM containing
1% Penicillin-Streptomycin (P/S), and 10% fetal bovine serum (FBS) in culture in 75-cm? polystyrene
tissue culture-treated flasks (LPS), and incubated at 5% CO,, 21% O,, and at 37°C. Medium changes
were performed every two days. HepG2 cells were passaged weekly by the addition of 5 ml of either
0.05% or 0.25% Trypsin-EDTA, and replated at 1:5-1:10 dilution, with passage humbersfor all

experiments ranging between 15-50.

RNA isolation, reversetranscription (RT) and quantitative polymerase chain reaction

Total RNA was purified with Aurum Total Mini Kit (Bio-Rad) using the spin column method with DNase
1 (Bio-Rad) (reconstituted in 10mM tris) treatment. RNA concentrati ons were determined by Nanodrop.
RNA was converted to cDNA using the i Script cDNA Synthesis Kit (Bio-Rad) and the mass of RNA was
calculated by adding 5ng RNA per well to be run in the gPCR reaction. cDNA Reaction protocol was
performed using 5 minutes at 25° C, 20 minutes at 46° C, and 1 minute at 95°C. Reactions were then held
either at 4°C or onice. We performed 10puL gPCR (3uL primers at a concentration of 0.3uM, 1uL
nuclease free water, 1uL cDNA, and 5uL supermix) reactions with iTaq Universal SYBR Green
Supermix (BioRad) in a96-well PCR plate (LPS). The RT-gPCR reaction was done in a CFX96 Touch
Real-Time PCR Detection System (BioRad). The RT-gPCR reaction consisted of Polymerase Activation
and DNA Denaturation at 98° C for 30 seconds followed by, 40 to 45 cycles of 98°C for 15 seconds for
Denaturation and 60° C for 60 seconds for Annealing and Extension. Melt curve analysis was performed
at 65-95°C in 0.5°C increments at 5 seconds/step. Relative, normalized, gene expression was analyzed
using the delta-delta-Ct method, with three replicates per gene tested.

Short-interfering RNA (SSRNA) transfection of human stem cell-derived cells.

Positive control sSiRNA (sSSRNA PPIB), negative control pooled siRNA, pooled siRNA targeting human
Foxal, and human Foxa2 siRNA, (Dharmacon) was used. In atissue culture-treated 24-well plate (LPS),
100,000 human stem cells (UCSF4) were plated for endoderm differentiation using the STEMDiff
protocol. Prior to transfection, cells were washed with 500ul of fresh culture medium. Lipofectamine
RNAIMAX reagent (1.5 ul) was mixed with Opti-MEM medium for a total of 50 ul, and 5 pmol siRNA
(positive control, negative control, Foxal, or Foxa2) was mixed with Opti-MEM medium for atotal of 50
ul of sSIRNA mixture. The diluted RNAIMAX mixture and diluted SSIRNA mixture were mixed (1:1 ratio)
at room temperature for an additional 5 minutes. Next, 50 ul of this mixture was added to a well of 24-
well plate, mixed with 450 ul growth medium, and medium was not changed for 48 hours. Cells were
harvested and assessed by gRT-PCR.
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Short-interfering RNA (siRNA) knockdown via rever se transfection in stable liver (HepG2) cells
Pooled siRNA targeting human Foxal and human Foxa2 siRNA was obtained from Dharmacon. 3 pmol
of sSiRNA targeting Foxal and 3 pmol of SSRNA Foxa2 were diluted into 100 uL of OptiMEM without
serum per well in a 24-well tissue culture-treated plate and mixed gently. 1 uL of Lipofectamine
RNAIMAX transfection reagent was added to each well and mixed gently. The mixtures were incubated
for 10-20 minutes at room temperature. 500 pL of cells were resuspended in complete growth medium
(DMEM and 10% FBS) without Penn/Strep at 100 cells/uL, seeded into each well, mixed gently by on a
plate rocker, and placed in a 37°C incubator for 48 hours. Cells were collected and prepared for either
gRT-PCR or Western blot. Controls included cells maintained in transfection medium without siRNA,
and cellstreated with scrambled siRNA, and cells treated with asingle SsSRNA pool but not both.

shRNA sequences

Four shRNA sequences were tested and evaluated for their ability to knockdown both Foxal and Foxa2.
Each shRNA was cloned into the host pLKO.1-puro vector. PLKO-shFoxal#1 (#70095) and PLKO-
shFoxal#2 (#70096) were abtained from Addgene. shFoxa2#1 and shFoxa2#2 were obtained from the
literature (Tang, Shu et al. 2011). The sequences were:

pLKO-shFoxal#l: 5 — TCTAGTTTGTGGAGGGTTATT - 3';

pLKO- shFoxal#2: 5 — GCGTAC TACCAAGGTGTGTAT -3;

pLKO-shFoxa2#1: 5 — GCAAGG GAGAAGAAATCCA -3;

pLKO-shFoxa2#2: 5" - CTACTCGTACATCTCGCTC - 3'.

shRNA Lentiviral generation and transduction

Third generation lentivirus was produced with the help of the Lentivirus core facilities at Roswell Park
Cancer Institute, using the cloned pLKO.1 puro vector. Transduction at MOI 5-10 (titer of 10 particles
per ml) was performed serially with shFoxal transduced first followed by shFoxa2 to engineer shFoxal/2
cell lines. Cells were seeded at 25% confluency in a 24-well tissue culture-treated plate one day before
transduction. Cells were washed once with PBS and 250uL of OptiMEM, 20 uL of virus, and polybrene
(8 pg/mL) were added to each well for a 24-well plate. The cells were incubated for 6 hours and complete
growth medium without P/S was added to each well for atotal volume of 1 mL for 24-well plate. The
cellswere incubated for 48 hours and media was exchanged for an antibiotic selection medium composed
of complete growth medium with P/S and 1.75 ug/mL of puromycin. The cells were incubated in the
selection medium for 7 days with a media change after 3 days and transduction was repeated with the
second lentivirus. The cells were then assayed for gene expression with gRT-PCR and for protein

expression with western blot. The negative control was HepG2 cells maintained in the same conditions as
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experimental without the virus. The positive control was done using the same transduction protocol but
with a pLKO-scrambled shRNA lentivirus. Positive control cells were also selected for using 1.75ug/mL

puromycin for 7 days prior to analysis.

Engineering of stable stem cell lines bearing conditional shRNA vectors.

To engineer conditiona cell lines which can downregulate or restore Foxa2 expression, we employed the
pSingle-tTS-shRNA vector in which doxycycline activates ShRNA expression. The vector was grown in
Stbl3 Escherichia coli with ampicillin as a bacterial antibiotic resistance. For shRNA cloning, the
Foxa2#2 shRNA was inserted downstream of the tTS Promoter region using the Xhol and Hindlll
restriction sites. For HepG2 cell transduction, cells were plated at approximately 100,000 cells/well in
DMEM+10% FBS in a 24-well plate. Cells were transfected using FugeneHD (Promega) transfection
reagent with a Fugene: DNA ratio of 4.5:1. To transfect 3 wells, atotal volume of 450 pL of 0.020 ug/uL
plasmid solution was made up in OptiMEM (9.9ug of plasmid in 450 L total volume). 45 uL of Fugene
reagent was then added to each well and incubated at room temperature for 15 minutes before 150 uL of
the plasmid solution complex was added to each well and mixed thoroughly. After 48 hours, the medium
was changed to DMEM +10 FBS +1% P/S for expansion, or for creation of a stable cell line, cells were
selected with DMEM +FBS + P/S +1000ug/mL G418 (Roche).

shRNA knockdown in stableliver cells and stem cells conditional sShRNA vectors

For both transient transfection and stable cell line creation, knockdown was induced addition of Dox
medium. The Dox medium contained a final doxycycline concentration of 1-2 ug/ml, but lower doses
were tested as reported. For conditional experiments, the Dox containing media was added on ((+) Dox
condition) for 3 days, and was then removed for 3 days, and cells were harvested both after Dox treatment
and after Dox removal ,and analyzed by RT-gPCR.

I mmunofluor escence

Cells were seeded at 50,000 cells/well in a 24-well tissue culture-treated plate one day before staining.
Célls were rinsed three times with PBS at a volume of 500 pL per well. All wash steps were performed
with 500uL PBS/well unless otherwise specified. Cells were fixed with 500uL of 4% paraformaldehyde
at room temperature under cell culture hood. Cells were washed again three times for 5 minutes each
wash before incubating with 0.1% PBS-Triton X for 30 minutes for permeabilization. Cells were rinsed
thrice more before incubation in 1% BSA/ PBS (Blocking Buffer) for 1 hour. Primary antibody
incubation was done overnight at 4°C at a 1:500 dilution in blocking buffer. After overnight incubation,

cells were washed 4 times for 15 minutes before 1-hour incubation with a fluorescently |abeled secondary
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antibody, diluted 1:500 in blocking buffer. After secondary antibody incubation cells were washed 4
times for 15 minutes each using 500 pL of 0.1% PBS-Triton X, cells were rinsed once more with Milli-Q
water before adding 500uL of a 1:1000 Dilution of DAPI in PBS before imaging. Cells were Imaged with

Zeiss Axiovision SE64.

Protein isolation and Bradfor d assay

On the day of protein collection, cells were washed once with PBS and then incubated in 300uL of 0.05%
Trypsin for 6-10 minutes. 500uL of DMEM containing 1% v/v of Pen-Strep (P/S) and 10% fetal bovine
serum (FBS) was added and cells were then collected and move into sterile microfuge tubes. Cells were
then pelleted at 5,000 RPM for 30 seconds and cell pellet was resuspended in 300 uL of 1x PBS, cells
were washed twice. On the last wash, cell pellets were resuspended in 250uL of RIPA buffer containing
Protease inhibitor and incubated on ice for 5 minutes. Cells were then spun at 40C for 15 minutes at
14,000 RPM and the supernatant was collected for assaying via Bradford assay. Bradford assays were
conducted by diluting protein samples by afactor of 10, and 5uL of each sample or known standard was
platted into each appropriate microplate well of a 96-well plate. 250uL of Coomassie protein assay
reagent (Thermo Scientific) was added to each well and was left to mix on a plate shaker for 30 seconds.
Absorbances were measured at 595nm with a plate reader and a standard cure was constructed using the
average of triplicated samples and known protein concentrations, a best fit line constructed using a 3rd

degree polynomia was used to calculate the unknown sample concentrations.

Western blot

Equal concentrations of protein were loaded in al lanes of a 10% polyacrylamide gel with a 4% stacking
gels were used and prepared per manufacturer’ s instructions (Invitrogen). Pre-made, Bolt 4-12% Bis-Tris
Plus 10-well gels (Invitrogen) were also used. Protein sample preparation involved using equal
concentrations of 10-50 ug/well for afinal volume of 25uL, for usein a 10-well polyacrylamide gel.
Samples were heated, loaded, and run in 1X SDS-PAGE buffer for 45 minutes at 125V (Bio-Rad Mini
Gel Tank). Pre-made gelswere run at 200V for 22 minutes. Next, gels were washed and placed in agel
transfer assembly (Mini Blot Module, Invitrogen) for transfer to a nitrocellulose membrane (Bio-Rad) for
approximately 60 minutes. Some transfers took place using the iBlot2 transfer module (Invitrogen) using
nitrocellulose transfer stacks (Invitrogen). The membrane was washed in MilliQ water 2 times for 5
minutes each before being placed in 15 mL of blocking buffer consisting of 5% milk powder in PBS-
Tween (PBS pH 7.4 + 0.1% Tween20) for 1 hour at room temperature, washed, and incubated overnight
with primary antibody overnight, washed three times, and incubated for 1 hour at room temperature in
HRP-conjugated secondary antibodies, which were diluted in blocking buffer at a 1:100-1:5000 dilution.
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After incubation in secondary antibody, membranes were washed again in PBS-Tween before being
placed in 0.1mL working solution (equal parts stable peroxide solution and Luminol/Enhancer solution)
per cm? membrane for 5 minutes before being placed for imaging in ChemiDoc Gel Imaging System
(Bio-Rad).

M icroscopy
Cdl lines and stem cell cultures were imaged with a benchtop microscope (EV OS fluorescent, phase
contrast microscope, #AMEFC4300R) at 4x, 10x, and 20x or with the Zeiss Axiovision SE64

microscope. Images were acquired and stored and used to visualize cells.

RNA-sequencing

Total RNA integrity was determined with the Agilent Technologies Fragment Analyzer RNA assay
system. The TruSeq Total RNA Stranded Library Preparation kit (Illumina) with rRNA removal was used
for preparation of RNA sequencing libraries. Multiplexed libraries were individually quality controlled
with the Fragment Analyzer and quantified using the Quant-iT ds DNA Assay Kit (Invitrogen). The
libraries were pooled to 10 nM and diluted for gPCR using the KAPA Library Quantification Kit (Kapa
Biosystems). Subsequently the pooled libraries were normalized to 4 nM based on qPCR values. All
samples were sequenced on the NextSeg500 (I1lumina) in midoutput mode producing 160 million paired

end 75 bp reads, ~25 million per sample.

RNA-seq (Transcriptome) analysis

The raw fastq files were first aligned using the hisat2-2.1.0 GRCh38 genome and converted into sam
files. The sam files were converted into bam files using samtools-1.6. FeatureCounts was used to count
reads for genes from the GRCh38 genome to create a text file with the two controls and three
experimental samples. Thetext file was imported into R where it was anal yzed with DESeg2. The gene
expression data was normalized with Rlog normalization in DESeg2. The built in prcomp function was
used on the normalized data to find the first and second principal component analysis (PCA1 and PCA?2).
PCA1 and PCA2 were plotted using R plotting tools. The volcano plot figure was created by importing
the same count datainto R. The DESeq2 function Ifc shrink was used to shrink the data using the contrast
between the condition and experimental groups. The res function was used to obtain the adjusted p-value
and log2-fold change for each gene. The log2-fold change was then plotted on the x axis and the -log10
of the adjusted p-value was plotted on the y axis. The genes were colored if the adjusted p-value was
under 0.05. The genesin red represent upregulation and the genes in blue represent down regulation based
on the log2-fold change. The heatmap was created with the gplots function heatmap.2 in R. The


https://doi.org/10.1101/2020.06.01.128108

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.01.128108; this version posted June 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

normalized number of reads for each gene were compared between samples to determine the color. Green
represents relatively higher gene expression, while red represents relatively lower gene expression. The
683 genes with an adjusted p-value under 0.05 were plotted and divided into upregulating and
downregulating groups and listed by increasing adjusted p-value for each group. Every seventh genein
thelist was labeled. Unbiased hierarchical clustering was used to group the samples with the built in
hclust function within heatmap.2.

RNA-seq nor malized enrichment score analysis

Normalized enrichment scores (NES) for differential gene sets were analyzed using Gene Set Enrichment
Analysis (GSEA). Gene expression data was normalized with rlog transformation in DESeg2. The read
counts of the genes were compared between the Foxal/2 group and HepG2 control group with a Student’s
t-test and the genes were arranged from most upregulated to most downregulated. The GSEA software
analyzed this list with gene sets from GO and KEGG. The FDR g-val and normalized enrichment score
values from the results were used to filter the list for FDR values under 0.15 and absolute NES values
above 1.45. The results were grouped based on upregulation and downregulation and were sorted based
on SIZE, which isthe number of genes within the gene set after filtering genes not in the expression
dataset.

Statistics
For statistical comparison between two groups, Student’ s t-test was performed, and p-values equal to or
less than 0.05 was considered to have statistical significance and are delineated within the text and

figures/figure legends. Statistics for the RNA-seq analysis is detailed in those sections.

RESULTS:

Directed differentiation of human stem cells towar ds definitive endoder m, gut tube endoderm, and

along the hepatic lineage under low oxygen conditions.

We aimed to devel op a reproducible hPSC-differentiation protocol to understand regulatory processes at
the levels of gene regulatory networks that influence liver differentiation. We aimed differentiate hPSC
towards definitive endoderm and then towards hepatic progenitors al under hypoxic (5%0, ) incubator
conditions, as occurs during physiological liver development (Van Blerkom, Antczak et a. 1997),
(Okazaki and Maltepe 2006) as we have previously done in mouse ESC (Parashurama, Nahmias et al.
2008), (Cho, Parashuramaet al. 2008), (Park, Cho et a. 2007). We employed a commercially available
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endoderm induction protocol (STEMDiff for definitive endoderm differentiation) followed by gut tube
induction (Wang, Yueet a. 2015), and hepatic differentiation (Takebe, Sekine et a. 2013) (Fig 1A).
Morphological analysis demonstrated that endoderm progenitor cells on day 4 did not have characteristic
bright cell borders and cuboidal appearance, as observed previously (Parashurama, Nahmias et al. 2008),
but expressed the combination of definitive endoderm specific proteins Foxa2 and Sox17 (Fig 1B, panels
1-3), and formed either small clusters of cells or elongated cells by day 12 of differentiation. At day 4,
immunostaining indicated that approximately 85-95% of cells were definitive endoderm. Kinetic analysis
of differentiation by gene expression for multiple cell populations demonstrated a downregulation of the
pluripotent marker Oct4, upregulation and down regulation of the primitive streak marker brachyury, and
an upregul ation of the primitive streak/endoderm marker goosecoid, all of which indicated formation of
definitive endoderm (Fig 1C). Consistent with this, we observed statistically significant differencesin
Oct4, Foxa2, and Sox17 (Fig 1D) by day 4, including other endoderm markers like GATA4 and CXCR4
(data not shown). Next we carried out the differentiation protocol as shown by the addition of KGF (25
ng/ml) from days 5-7, the addition of FGF2 and BMP4 on days 7-10, and the addition of HGF,
oncostatin, and dexamethasone from days 10-12 (Fig 1A). We observed the maintenance of Foxa2, the
downregulation of Sox 17, consistent with gut tube formation, and the large upregulation of alpha-
fetoprotein (Afp) consistent with liver differentiation, but minimal activation of albumin gene, with no
significant differences and high variability. To ensure the capable activation of albumin genein hPSC, we
performed gRT-PCR after teratoma formation for 8 weeks, and an abundant activation of albumin
occurred, indicating there was no lack of differentiation potential of the cells (Fig 1E). These data
suggested that in our differentiation protocol entirely under low oxygen, the lack of albumin gene
activation indicated that hepatic differentiation was minimal (Cascio and Zaret 1991), (Camont,
Wandzioch et a. 2006).

Regulation of endoder m and hepatic nuclear factor/generegulatory networ k (GRN) genesin
definitive endoderm.

To understand gene regulatory network expression and hierarchy during endoderm induction, and its
potential rolein endoderm and liver differentiation, and we devel oped a RNAI transfection assay in
hPSC-derived endoderm, followed by gRT-PCR for components of the endoderm and liver GRN. It's
important to note that RNA-seq does not typically identify differencesin GRN, unlessincreasing
sequence depth is pursued, because of their low overall abundance in the transcriptome. We are
particularly interested in therole for Foxa2, due its widely established role in embryo, gut tube, and liver
development (Zaret 2002). We transfected both pooled siFoxal and siFoxa2 and compared them to
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negative scramble controls. We performed single knockdown studies, of Foxa2 or of Foxal, and
demonstrated that that target factor achieved partial knockdown, but the corresponding factor (Foxal for a
targeted Foxa2 knockdown) did not, demonstrating that Foxal can compensate for Foxa2 as reported in
mouse in vivo studies (Lee, Friedman et al. 2005) (data not shown). We demonstrate that targeting both
Foxal and Foxa2 during endoderm induction resultsin a statistically significant decrease in awide range
of gut tube and liver transcription factors, including Foxal/2, GATA4, Hex, Hnflb, and atrend in
decrease in HNF6 (Fig 2A). Further, the data demonstrated atrending increasein HNF4a. The master TFs
Sox 17 and Gsc demonstrated atrend for downregulation, while the gut tube and intestine patterning
transcription factor Cdx2 demonstrates a trend towards upregul ation as supported by mouse studies
(Watts, Zhang et al. 2011), as does the master neuroectodermal transcription factor Pax6 (Fig 2B).

Finally, we analyzed endoderm and liver differentiation genes, and demonstrated a down regulation of
Cxcr4, acell surface receptor that correlates with endoderm induction (Fig 2C). Further, even though the
absolute levels of Afp and Alb were low in definitive endoderm (Fig 1), we observed a downregulation,
supporting the idea that combined gene silencing of Foxal and Foxa2 can downregulate liver

differentiation markersin human stem cells (Fig 2C).

Development of a simplified, cultivation system under hypoxia for endoder m induction from stem

cells.

We sought to develop asimplified endoderm and liver induction protocol, under low oxygen conditions,
for study of GRN that that would enable: 1) robust morphology of endoderm progenitors, as we have
observed previously (Parashurama, Nahmias et al. 2008), 2) activation of liver differentiation programs
and robust liver morphology and gene expression, as we have observed previously (Cho, Parashurama et
al. 2008), 3) differentiation under low oxygen for improved modeling of liver development. We first
developed an endoderm protocol with the aim of improving endoderm morphol ogy while maintaining the
endoderm TF expression. We adopted a protocol (Rezania, Bruin et al. 2013) in which activin and Want
stimulate primitive streak induction from hPSC, and high concentration of activin stimulates endoderm
induction from hPSC. Using this approach, we obtained extensive cell death at low oxygen. We reasoned
that low oxygen resulted in cell death, so 0.2% KOSR was added to the medium to promote cell survival.
We tested all three pluripotent stem cell lines (Fig. 3A) for endoderm induction, employing activin/ CHIR
(Wnt canonical pathway agonist) followed by activin under hypoxic conditions, with 0.2% KOSR
throughout (Fig. 3A-B). Pluripotent stem cells (Fig 3C, top panels) expressing Oct4 and not expressing
Sox 17 demonstrated downregulation of Oct4 and upregulation of Sox 17, Foxa2, and low amounts of
apha-fetoprotein as judged by immunocytochemistry (Fig. 3C). At day 4, immunostaining indicated that
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approximately 85-95% of cells were definitive endoderm. Morphological analysis demonstrated that cell
survival was promoted in the presence of 0.2% KOSR, and by day 4 wetypically observed robust cellular
morphol ogy, with cuboidal cell morphology, bright cell borders, and cell sheets consistent with robust
definitive endoderm (Fig. 3D, Day 1-4). This morphology compared extremely favorably with the
morphology from the previous protocol under hypoxic conditions (compare Fig. 1B, left panel and Fig
4D, right panel. As expected, gene expression analysis vi qRT-PCR demonstrated statistically significant
decreases in Oct4, and corresponding statistically significant increases in Foxa2 and Sox 17, with clear
trends in upregulation of Gata 4 and goosecoid (Fig. 3E). Finally, we analyzed the expression kinetics and
demonstrated Oct4 downregulation and brachyury up and downregulation (Fig. 3F), consistent with the

formation of robust definitive endoderm by day 4, under hypoxic conditions.

Spontaneous differentiation of gut tube progenitorsresultsin higher albumin activation

Strong evidence exists for the regulation of liver development by Foxa2. Foxa2 primes albumin gene
activation (MRNA expression) by binding silent, inaccessible chromatin at the albumin regulatory regions
in gut tube/hepatic endoderm progenitor cells, (Zaret 2002) and the abolishment of Foxal/2 in hepatic
endoderm during liver devel opment completely inhibits liver organ development (Lee, Friedman et al.
2005). Further, albumin activation occurs prior to visible cell differentiation or organ development
(Cascio and Zaret 1991). This supports the hypothesis that Foxal/2 regulates albumin activation in
murine systems, but this needs to be determined in human stem cell models of albumin gene activation.
To test this, we first developed anovel differentiation protocol under low oxygen conditions (Fig 4A).
The protocol involves induction of endoderm asin Fig. 3, and differentiation of gut tube endoderm
progenitor cells with KGF/Fgf7 from day 5 to day 7, and continued spontaneous differentiation towards
hepatic progenitor cells between days 7 and 14 with no additional growth factors used during hepatic
differentiation (Fig. 4A and Fig. 1A). Spontaneous differentiation of mouse ESC to hepatic progenitors
has been reported, with the absence of growth factors resulting in robust hepatic progenitors (Novik,
Maguire et al. 2006), but this has not yet been reported in human stem cells. Notably, we switched the
medium to SFD medium, (Gadue, Huber et a. 2006) on day 4, which is defined medium that has several
medium supplements including Hams F12, N2, and B27 (Fig. 4A). Morphological analysis demonstrated
the induction of robust cells from day 4 through day 14 (Fig 4B). The cells on day 14 appear large,
cuboidal, with bright cell borders (Fig. 4B). We compared gene expression analysis of our data with the
spontaneous, growth factor-free hepatic differentiation protocol to the growth factor containing protocol
(Fig. 4C-D). Wefound that activation of albumin expression was significantly higher in the spontaneous

differentiation condition than in the growth factor containing condition (Fig 4C), while Cdx2, agut tube
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and intestinal marker, was expressed at varying amounts, and was not significantly different than the

growth factor containing condition (Fig. 4D).

Foxal/2 controls activation of albumin genein anovel liver differentiation protocol under hypoxic

conditions.

To understand how Foxal/2 control albumin gene expression in gut tube progenitor cells, we performed
cloning of scrambled shRNA aswell as two shRNA sequences targeting Foxal and Foxa2 respectively.
We engineered 4 separate lentiviruses bearing 2 separate shRNA sequences for Foxal and 2 separate
shRNA sequences for Foxa2, for atotal of 4 viruses (Foxal #1, Foxal #2, Foxa2 #1, Foxa2 #2) each of
which could be selected with puramycin within the lentiviral PLKO vector. In a series of experiments
(data not shown), we determined that shFoxal #2 and shFoxa2 #1 resulted in the most downregulation.
We transduced scrambled virus alone at a MOI of 10 versus shFoxal#2 on day 6, followed by shFoxa2#1
on day 7, human pluripotent stem-cell derived gut tube endoderm, using scrambled sequences and shRNA
to both Foxal/2. Cellswere cultivated until day 14 and analyzed by gRT-PCR or Western blot. We did
not perform antibiotic selection. Nevertheless, we saw major differences between control and shRNA
Foxal/2 -/- conditions in terms of morphology. We performed gene expression analysis for Foxal/2 and
for albumin. Foxa2 levels did not show significant changes but trended downwards, while Foxal
downregulation was significant. Importantly, albumin gene was significantly downregulated, when
normalizing the data to pre-transfection across al experiments. Finaly, Western blot demonstrated that
Foxa2 isindeed downregulated in gut tube endoderm progenitor cells. We conclude that Foxal/2
regulates albumin in gut tube progenitor cellsthat are differentiated towards liver.

Foxa 1/2 regulatesthe endoder m and liver GRN, and liver differentiation genes, in a stable liver cell

line.

We hypothesized that if both SIRNA and shRNA targeting both Foxal and Foxa2 regulate albumin
expression in the developing gut tube differentiated towards liver, perhaps they can regulate albuminin
established models of human liver regulation. As human hepatocytes are difficult to isolate, culture, and
have donor dependent differences, we chose to apply this approach to human HepG2 cells, awell-
established model of gene regulation, which expresses the immature marker alpha-fetoprotein in addition
the albumin. To understand how knockdown both Foxal and Foxa2 can block differentiation, we
employed siRNA knockdown, with pooled siRNA against both Foxal and Foxa2, in human stable liver

cell lines (HepG2). In aseries of optimization experiments, we found unaltered morphology after
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transfection at 48h (Fig. 5A), that combined pools but not individual pools of SSIRNA lead to a~50%
knockdown (Fig. 5B-C), and that scrambled siIRNA had no effect on major regulatory transcription
factors and markers of differentiation (Fig. 5D). Importantly, we that combined Foxal and Foxa2
knockdown (siFoxal/2 -/-) was possible at atotal of 6 pmol (3 pmol each) and was associated with a
~50% albumin knockdown in liver progenitor cells (Fig. 5D), indicating regulation of the albumin gene
in HepG2 cells. We aso observed an upregulation of E-Cad, with no major changesin Hex or other
markers with dose (Fig. 5D), and determined that 3 pmol for each SRNA pool was the ideal amount for
transfection. We performed single knockdown studies, of Foxa2 or of Foxal, and demonstrated that that
target factor achieved partial knockdown, but the corresponding factor (Foxal for atargeted Foxa2
knockdown) did not, suggesting that Foxal can compensate for Foxa2 as reported in mousein vivo
studies (Lee, Friedman et a. 2005) (data not shown).

We then performed knockout studiesin a series of experiments, with scrambled siRNA for
control and double knockdown using pooled siRNA for Foxal/2. These studies demonstrated that
knockdown of Foxal/2 resulted in adownregulation of albumin, but not alpha-fetoprotein (Fig. 5E).
Western blot studies at 48 hours confirmed knockdown of Foxa2, and albumin, suggesting that liver
differentiation was partially inhibited (Fig 5F-G), and this was also supported by immunofluorescence
analysis of albumin (Fig. 5G). To further understand the effects of Foxal/2 on differentiation of stable
cell lines, we performed analysis of core regulatory transcription factors and other differentiation markers
including pluripotency (Oct4, Nanog), neuroectoderm (Pax6), mesoderm (Bmp4), endoderm (Sox7,
Mixl1, Gatad), pancreas (Pdx1), endoderm differentiation (CxcR4), epithelial state (E-Cad, N-Cad, and
gut tube/liver (Hex, HNF4, HNF6). Compared to scrambled controls, we found statistically significant
upregulation of Nanog, Pax6, Sox7, CXCR4, suggesting that these genes were activated in the Foxal/2 -/-
cells (Fig. 51). Further, we observed a statistically significant downregulation in Hex, a major regulator of
liver differentiation (Fig. 51). Finally, we performed analysis of other differentiation markers and
demonstrated trends in Pdx1 upregulation, BMP4 upregulation, and E cad upregulation (Fig. 5J). These
siRNA studies validated that silencing of both Foxal/2 is needed to observe the effect we identified.

Lentiviral transduced shFoxal and shFoxa2 demonstrate a block in liver differentiation genesin a

stableliver cél line

Lentiviral sShRNA was tested as a way to produce a stable line determine if sustained and long-term
knockdown of shRNA in Foxal/2 cells results in de-activation of the albumin gene and other members of
the developmental, endoderm, and liver transcription factor (gene regulatory) networks. Optimization

experiments were performed for each virus at MOI of 5-10 (Fig. 6A), again confirming that shFoxal #2
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and shFoxa2 #1 viruses resulted in most downregulation of their target genes. We again performed
analysis of core regulatory transcription factors and other differentiation markersincluding
neuroectoderm, (Pax6), endoderm (Gsc), pancreas (Pdx1, Sox 9), biliary (CK19), endoderm
differentiation (Cxcr4), and the endoderm/hepatic nuclear network (Foxa3, HNF4a, Hnflb, Hex, Gata4,
Thx3). The data overwhelmingly demonstrated statistically significantly decrease in albumin, a 0.87-fold
decrease in signal the major gene that signifiesliver differentiation (Fig. 6B), and trending increasesin
alpha-fetoprotein (2-fold), Cxcr4 (4-fold), and CK19 (11-fold). Additionally, statistically significant
upregulation in Gsc expression (1.5-fold) and Pdx1 downregulation a (0.84-fold), and trending increases
in Pax6 and decrease in Sox 9 expression (Fig 6B). Other than the significant downregulation of both
Foxal and Foxa2, we observed statistically significant changesin core members of the endoderm/gut
tube/liver, including HNF4a (0.62-fold decrease), HNF1f (0.78-fold decrease), Hex (0.72-fold decrease),
Thx3 (0.36-fold decrease) (Fig. 5D). We also observed a statistically significant upregulation in Foxa3
and GATAA4 (Fig. 5D). This analysis indicates a strong downregulation of liver differentiation genes and
core gene regulatory network that establishes aliver cell fate, with a concomitant increase in early liver
markers like Foxa3 (hepatic endoderm), Afp (early hepatic progenitor), Cxcr4 (endoderm progenitors), an
increase in Pax 6 (neuroectoderm), and increased biliary marker (CK19). These data demonstrate a
coordinated decreasein liver differentiation, and evidence of immature states (hepatic endoderm),
aternate fates (biliary, neuroectoderm) consistent with a differentiate block and subsequent response.
Cells with scrambled virus demonstrated no changes in morphology (Fig 6F), but in shFoxal/2 -/- cells,
we routinely observed flat, el ongated cells at low densities and at the edges of colonies that resolved at
higher densities (Fig 6F, bottom left vs bottom right). Taken together, our data suggested that Foxal/2
knockdown resulted in global response of repressed or blocked liver differentiation, upregulation of

markers for alternate cell fates, and de-differentiation.

A conditional liver cell line demonstratesreversible control of master liver transcription factors

To better understand whether the control of Foxal/2 over downstream liver genesis reversible, we
engineered a conditional Foxal/2 cell line. We engineered the Dox-on, pSingle-tTS-shRNA vector, in
which shRNA for Foxal/2 was controlled by the addition of Doxycyline (Dox). After cloning in the
shFoxa2 #2 shRNA and scrambled shRNA into the PSingle vector, we engineered stable cell lines by
DNA transfection followed by antibiotic selection in G418 (Fig 7A). We varied Dox concentration in
these cells and determined that Dox concentration of 1.5 ng/ml was optimal in terms of toxicity and
knockdown response. In traditional monolayer culture, we performed addition of Dox for 3 days,

followed by removal for an additional 3 days, and performed gRT-PCR on days 0, 3, 6. In control cell


https://doi.org/10.1101/2020.06.01.128108

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.01.128108; this version posted June 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

lines, we observed no changes in gene expression (data not shown). After Dox addition, we observed
downregulation of Foxal/, Foxa2, abumin, alpha-fetoprotein, Gatad4, Hex, Hnf1b, and Hnf4a (Fig. 7B).
After Dox removal for 3 days, we observed rapid over upregulation of Foxal, Foxa2, albumin, Gata 4,
Hex, a more moderate upregulation of Hnf4a, and a continued downregulation of Afp and Hnflb (Fig.
7B). Thus, in most cases, the global changes were reversible. The morphological changes observed during
knockdown, including the large, flat cells at the edges of colonies (Fig. 7F, lower right) were present
during Dox addition, further demonstrating that global changes occurred in the cells. These data suggest
that much of the effect of Foxal/2 knockdown on HepG2 cells could be reversed over 3 days.

Wholetranscriptome analysis of Foxal/2 -/- Hep G2 cell phenotype demonstr ates increased stem

cell/ cell differentiation genes of alter nate fates, and downregulation of metabolic genes

We hypothesized that a differentiation block affecting master TF' s of hepatic differentiation may have
had global, genome-wide affects. To understand the differentiation block at the level of the genome, we
performed whole transcriptome analysis on 2 control and 3 experimental conditions. Principal component
analysis figure shows significant clustering of the experimental values and the control values along the
PC1 axis (Fig. 8A), shown as orange squares (experimental, shFoxal/2 -/-) compared to controls, shown
in blue triangle. A volcano plot (Fig. 8B), demonstrates 448 upregulated genes (green) and 235
downregulated genes (red) between the two conditions. Each circlein the plot represents a color, or
differentially expressed gene, if their adjusted p value was below 0.05, which shows the genes had
significant differential expression. The log2-fold change determined whether the genes were up or down
regulated. We then performed a heat map analysis, using unsupervised, hierarchical clustering, in which
each gene was normalized and ranked by expression change, demonstrating coordinated upregulation
(green) and downregulation (red) in al genes. Validating the RNA-seq data, we found Pax6, and in the
downregul ated genes, we identified albumin, both of which we had identified by gqRT-PCR (Fig. 8C). A
full list of the upregulated and downregulated genes is provided (Supplemental Fig 2). Among the top 16
upregulated genes included genes involved in axon guidance and vascular devel opment (NRP2,
neuropillin 2), kidney epithelial function (Cdhl16, cadherin 16), kidney cell interactions (SY NPO,
synaptopodin), and cardiac development (Alpk2 (al pha kinase 2)). Among the top 25 downregulated
genes include those involved in energy metabolism (PPARGC1A (PPARG coactivator 1alpha)), liver
development and liver function (albumin), and drug and steroid metabolism (AKRC12 (Aldo-Keto
Reductase Family 1 Member C2)). We analyzed all the RNA-seq data, not just differentially regulated
genes, using a calculated normalized enrichment score (NES) with stringent criteria, the fal se discovery

rate (FDR), and t-test between control and knockdown conditions. We obtained new gene lists then
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performed KEGG pathways- Biological Process analysis (Fig 8D, Supp. Fig. 3). Amazingly, amongst the
pathways, we observed many processes associated with stem cell and cell differentiation. For processes
with upregulated genes, we observed over 500 genes associated with epithelial cell differentiation,
followed by processes associated with skin development, striated muscle differentiation, eye devel opment
and neuron migration. Further, for processes with downregulated genes, including those associated with
stem cell differentiation, AP-specification, and gastrulation. Overall, this suggests that global block of the
liver machinery greatly altered the differentiation trajectory, perhaps resulting in the activation of genes
for alternate cell fates. Surprisingly, we identified many metabolic-related pathways during KEGG
pathway-cellular component analysis (Fig 9A, Supp. Fig. 3). For example, when plotting just this class of
cell component analysis, we identified approxi mately 1500 mitochondria-related genes that were altered,
including 1000 genes associated with mitochondrial envelope, over 450 genes associated with
mitochondrial matrix, and over 200 genes associated with mitochondria protein complex. Therest of this
list strongly suggested that the cells had not only been atered from the differentiation point of view, but
aso from the metabolic point of view. To further validate this, we again analyzed biological process lists
of genes, associated with metabolism (Fig 9B, Supp. Fig. 3). Surprisingly, we observed wide ranges of
metabolic processes that were downregul ated, including over 1600 genes associated with nitrogen
biosynthesis and 1200 genes associated with nitrogen catabolism, 900 genes associated with oxygen
reduction processes, and 600 genes associated with generation of precursor metabolites. These data
strongly suggest that the genes associated with metabolism are atered in the experimental condition.

We wanted to know if any key downregulated genes were controlled by the hepatic nuclear factor
network. After reviewing the downregulated genes and their functions, we hand-picked a series of genes
of interest, based on hepatic expression and de-differentiated function, and examined whether they had a
Foxal/2, HNF4a, HNF1 binding site, and nearly all of thelist did, including APO-M, PPARGCI1A,
AKRI1C1, IRS2, Albumin, FGFR1, TGFBR3, TWNK, DLK1, NRARP, FASTKD5, UCA1, APOAA4,
APOC3, CYP24A1, CYP1A1, KRT7, CYP4F2, CYP4F2, CYP19A1, again suggesting global

downregulation by these factors.

DISCUSSION

We were interested in studying how gene regulatory networks (GRN) function in human cellsto
control cell fate. GRN are known to control early germ layer formation, mesendoderm and endoderm
induction, cell specification from gut tube, including liver and pancreas. Here, we employed siRNA and
shRNA to target Foxa2 and its compensatory molecule, Foxal, in human stem cell derived endoderm,

human gut tube endoderm progenitor cells, and in human liver stable cells lines. We tested Foxal/2
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combined knockdown in human pluripotent stem cell-derived endoderm, demonstrating wide-spread
control of gene activation of mesendoderm, endoderm GRN. Suspecting that liver differentiation would
be regulated, we targeted the activation of albumin gene, widely used to model the activation of liver
differentiation, but traditional addition of growth factors did not result in liver differentiation under
hypoxic conditions which emulate liver organ development. To do this, we devel oped anovel model of
endoderm induction and subsequent spontaneous liver differentiation model that exhibited robust
morphol ogy and lineage appropriate gene signatures under hypoxic conditions, which better mimic liver
organ development. In this model, no specific liver differentiation growth factors are used. ShRNA
targeting Foxal and Foxa2 resulted in the downregulation of the albumin gene on day 14 culture,
indicating potent control over albumin gene activation in differentiating gut tube progenitors. To further
understand the effects of Foxal/2 on liver differentiation, we employed the well-studied, stable liver cells
line, HepG2. In HepG2 cells which exhibit liver-specific gene expression, we observed that shFoxal/2
knockdown resultsin widespread changes in liver gene expression, likely mediated by robust modulation
of liver-specific GRN componentsincluding HNF4a, HNF1b, amongst others. RNA-seq analysis
demonstrates that large changes to the transcriptome, and KEGG pathway analysis shows coordinated
changesin stableliver cell lines, including upregulation of cell differentiation genes of other lineages and
a subsequent vast downregulation of metabolism-related genes. These findings provide nove insights into
Foxal/2 complex functions in various stages of differentiation, including endoderm, gut tube, and liver.
We were particularly interested in the effects of Foxal/2 on GRN in endoderm progenitors,
differentiating gut tube endoderm, and in the stable liver cell line HepG2. Initial studies of GRN during
mouse visceral endoderm differentiation of ESC in a Foxa2 -/- cells, demonstrated that is upstream of
Foxal, HNF1a, and HNF4a, and thereby controls differentiation and metabolism (Duncan, Navas et al.
1998). Foxa2' s role in activating endoderm transcription network could explain why Foxa2 mutants in the
embryonic germ layer lack the foregut (Cirillo, Lin et a. 2002, Hallonet, Kaestner et al. 2002). Our
siRNA data of endoderm induction are consistent with the concept that in mesendoderm, Foxal/2 may
contral initiation of the endoderm GRN, as demonstrated by our data demonstrating that Foxal/2
downregulation results in decrease of Sox 17, Gsc, Hex, and Hnf6 (Fig 2). Further, downregulation of
Foxa2 increased Cdx2 expression (Fig 2), which we have observed at later stagesin our cultivation of gut
tube progenitor cells at low oxygen (Fig 4D). Therefore, this data could suggest that low expression of
Foxa2 in gut tube progenitor cellsin our cultivation system, which we have observed, leadsto the
unwanted upregulation of the gut patterning factor Cdx2. Aswe did not perform detailed CHIP analysis,
we must speculate whether this regulation is via Foxa2's pioneer TF function, or conventional
transactivation/repression, or through more indirect means. Future studies of the endoderm TF network

can help determine this. Interestingly, we also observed small amounts of albumin that present in our day
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4 endoderm culture, that was regulated by Foxal/2. It is unclear whether this represents small numbers of
cellsthat are farther ahead in developmental stage, or whether albumin geneis active a low levels within
endoderm cells, and whether convention or pioneer activity is responsible for its control.

Therole of Foxal/2 in differentiating gut tube progenitors also remains to be determined. In early
gut tube progenitors that have yet to be patterned, it is possible that Foxal/2 knockdown would result in
lack of formation of gut, and Cdx2 downregulation, while at later stages of gut tube formation, it may be
possible to observe that Cdx2 is upregulated due to the loss of repressive role of Foxa2, as reported in
murine studies (Watts, Zhang et al. 2011). It has been reported that endoderm progenitors exposed to
KGF for two days begin modifying chromatin and undergo de novo activation of developmental
enhancers, and that Foxal occupies these enhancers (Wang, Y ue et a. 2015). These studies performed
knockout of Foxal but not both Foxal/2 in gut tube endoderm, and therefore it remains unknown whether
Foxa2 first binds prior to enhancersis precedes H3K4mel levels. Our datain gut tube endoderm suggest
that shRNA for Foxal/2 down regulation on day 6, can lead to lack of activation of albumin gene by day
14, suggesting that Foxal/2 knockdown may prevent enhancer priming at later stages, perhaps due to its
pioneer activity. Further studies and analysis of the human gut tube progenitorsis needed, and our
approach of spontaneous differentiation under low oxygen conditions, may enable a slower differentiation
of gut tube progenitors than previously reported (Wang, Yue et a. 2015), thereby enabling further
dissection of its molecular regulation.

One of the main findingsin this study was the identification of that Foxal/2 downregulates liver-
specific genes in differentiating gut tube endoderm and in stable liver cell lines. Foxal/2 has been studied
using human liver cell lines for analysis of gene regulation of apha-fetoprotein (Kanaki and Kardassis
2017) and lipoprotein lipase (Lehner, Kulik et al. 2007). These studies both employed siRNA targeting
Foxa2 in human cell lines, but not both Foxal/2. Kanaki et a. demonstrated effects of Foxa2
downregul ation on downregulation of albumin and transferrin, as well HNF4a and HNF1b in HepG2
cells, but reports a decrease in HNF6, which we did not observe. Their investigation demonstrated that
they inadvertently also targeted the Foxal gene. However, these studies did not employ shRNA to induce
sustained downregulation, nor did they investigate reversibility of the response using time-based assays or
conditional vectors. Nonetheless, they demonstrated direct binding to both AFP regulatory regions,
suggesting control over AFP expression and they demonstrated downregulation of AFP, whereas our
shRNA data demonstrated an upregulation of AFP (Kanaki and Kardassis 2017). Interestingly, when
Foxa2 was knocked out of adult livers (by E18.5), there was no functional consequence (Sund, Ang et al.
2000), probably due to compensation by Foxal. On the other hand, Foxal and Foxa2 have been shown to
have separate functionsin the adult liver, with Foxal binding sites are associated with p53 binding sites,
while Foxa2 is associated with hepatic metabolism (Bochkis, Schug et al. 2012). Based on these studies,
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it is hard to predict how Foxal/2 would affect gene expression. While we did expect changesin metabolic
genes, we were surprised how the downregulation of Foxal/2 resulted in globa changesin metabolic
genes in these cells, and the upregulation of alternate cell differentiation genes. This effect remainsto be
studies by employing metabolic analyses of these cells.

There are limitations to our study worth mentioning here. First, the mechanism of spontaneous
differentiation protocol of liver progenitors from stem cell-derived gut tube endoderm is not yet known.
Our data suggests perhaps that mesoderm subsets are generated at low levels and provide signals to the
cellsto activate liver differentiation. Another possibility is that the liver can be chosen as a default
pathway and can be established spontaneously in the absence of signals. A third possibility isthat the gut
tube chromatin modeling continues and enables activation of albumin. Further characterization of this
protocol, including maturation and transplantation, will be needed to establish how robust these cellsin
comparison to other protocols. It isaso not yet clear why the addition of growth factors represses hepatic
differentiation in our low oxygen protocols, and the mechanisms of spontaneous differentiation and
repression of differentiation need to be further delineated.

Nonetheless, we have provided evidence that time dependent GRN networks can be controlled by
Foxal/2, and that it can be have potent, genome-wide effects on liver differentiation and metabolism. It
remains to be seen how our understanding of GRN can enable the improved differentiation and maturity
of hepatic progenitors, and of alternate cell fates like pancreas and lung. It remains to be seen how
understanding of GRN will enable improved use of stem cells for therapy, and aso our understanding of
cancer differentiation and metabolism. Our studies indicated time-dependent Foxal/2 effects, in human
cells, need to be better understood to improve differentiation protocols, to balance epigenetic and genetic

changes that occur during differentiation, and to avoid aberrant differentiation from pluripotent stem cells.
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Figure L egends:
Figure 1. Endoderm induction and liver differentiation under low oxygen conditions using a conventional

liver differentiation protocol. A) Schematic of growth factor positive (GF (+)) protocol showing stages of

endoderm induction from day 0-4 with a commercially available kit, differentiation towards gut tube with


https://doi.org/10.1101/2020.06.01.128108

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.01.128108; this version posted June 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

KGF from days 5-7, and differentiation towards hepatic progenitors involves addition of BMP and FGF2
until day 10, followed by addition of hepatocyte growth factor (HGF), oncostatin, and dexamethasone
from day 10 to day 14. B) Morphol ogy and immunochemistry of endoderm and hepatic progenitor cells.
Left panel- Phase contrast image of Day 4 endoderm morphology. Bar = 200 um. Middle panels- Sox 17
(red) and Foxa2 (green) staining of endoderm progenitor cells on day 4. Right panel- phase contrast
image of day 12 morphology demonstrating elongated cells and prominent clusters of cells throughout. C)
Gene expression (QRT-PCR) of expression kinetics of Oct4, brachyury, and goosecoid (gsc) during 4
days of endoderm induction. D) Same as C, except data demonstrates day and day 4 gene expression.
p<0.05, * denotes significance. E) Same as D, except data demonstrates endoderm TF (Sox 17),

endoderm and liver TF (Foxa2), and liver differentiation genes (Alpha-fetoprotein and albumin).

Figure 2. Gene expression of gene regulatory network in siRNA Foxal/2 phenotype during endoderm
induction from human stem cells. A) Gene expression (QRT-PCR) of endoderm and liver transcription
factors (TFs) during endoderm induction from human stem cells. p values as shown. B) Same as A except
analysis of master TFsin endoderm, gut tube, and neuroectoderm, p values as shown C) Same as B

except endoderm and liver differentiation genes examined, p values as shown.

Figure 3. Endoderm induction from human stem cellsin ahypoxic, growth factor-free, liver
differentiation protocol. A) Human pluripotent stem cell colonies of iPSC and ESC were used in these
studies. The data shown below isfor the iPSC cell line. B) Schematic of differentiation system. iPSC
were cultured under hypoxia on GF-Free coated matrigel plates, then replated on freshly coated platesin
the presence of Activin/CHIR followed by Activin over 4 days. Medium contains RPMI, 1x B27, and
0.2% KOSR for improved cell survival. C) Immunofluorescent staining. Top two panels- Day 0,
pluripotent colonies for Oct4/DAPI and Sox17/DAPI, bar = 400 um. Middle two panels- Day 4 cells
stained for Oct4/DAPI and Foxa2/DAPI, bar = 200 um. Bottom two panels-Day 4 cells stained for
Sox17/DAPI, and AFP/DAPI, bar = 200 um. D) Morphological analysis of cells during endoderm
induction. Day 4 cells (right panel) demonstrate bright cell borders. E) Gene expression (QRT-PCR)
analysis of gene expression comparing day 0 and day 4 for several endoderm genes. P< 0.05, * is
significance. F) Gene expression (QRT-PCR) analysis of gene expression comparing expression kinetics
of Oct4 (left) and Brachyury (right) from day O to day 4.

Figure 4. Hepatic differentiation from human stem cellsin a novel, simplified, growth factor-free, liver

differentiation protocol under hypoxia. A) Schematic of differentiation system. hPSC were differentiated
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towards endoderm, then gut tube endoderm, and then hepatic progenitor cells under 5% O,. The protocol
involves induction of endoderm by day 5, and then switch of medium to SFD medium, followed by
differentiation to gut tube by day 7, and continues the addition of KGF with no additional growth factors
from day 7-day 14 under hypoxic conditions. B) Morphology of day 4 (endoderm) bar = 400 um, day 6
(gut tube endoderm) bar = 200 um, and day 14 progenitors bar = 200um, demonstrates bright cell borders,
cuboidal morphology, consistent with hepatic progenitors. C) Gene (QRT-PCR) expression demonstrates
kinetics of endoderm day 1- day 4 for Oct 4 and brachyury. D) High albumin gene expression (QRT-PCR)
inthe GF (-) compared to the GF (+) condition, on alog plot. p < 0.05. Cdx2 expression demonstrates
variability between GF (-) and GF (+) conditions, p = NS. E) Gene (QRT-PCR) expression of Foxal and
albumin (Alb) on day 14 after shRNA Foxal/2 knockdown on day 6 of culture (n=3), p < 0.05. F)
Western blot after two days after sShRNA Foxal/2 transduction into day 6 gut tube progenitor cells

demonstrating Foxa2 knockdown.

Figure5. sIRNA of Foxal/2 regulates differentiation genesand GRN. Human HepG2 cells were
transfected for SIRNA viareverse transfection. A) SIRNA knockdown of Foxal/2 in Hepg?2 cells showed
no morphology changes when compared to Hepg2 control cell cultures. B) gRT-PCR expression kinetics
for siRNA for Foxal(n=1) after 24 and 48-hour time points. C) Same as B except siRNA for Foxa2. D)
gRT-PCR expression data (n=1) for optimization of pmole siRNA added for pooled siFoxal, and pooled
siFoxa2, ranging from 3-9 pmoles. Several genestested in addition to Foxal and Foxa2. E) gRT-PCR
expression data (n = 5) for siFoxal/2 knockdown in HepG2 assayed after 48 hours, compared to
scrambled controls. Significance values were calculated using t-test (2 Tails, Type 2) for Foxal, Foxa2,
apha-fetoprotein (Afp) and albumin (Alb). F) To confirm the results of gRT-PCR, Western blot was done
demonstrating protein level knockdown of Foxa2 in siFoxal/2 (-/-) cell lines compared to scrambled
SiRNA controls. G) Immunohistochemistry of albumin in siFoxa2 -/- cell lines. From left to right- Epi-
illumination image of fixed HepG2 cells. FITC labeling of Foxa2 cells after scramble transfection.
Secondary antibody staining only. siFoxal/2 (-/-) knockdown cells after staining. Data demonstrates
minimal FITC signaing in siFoxa/2 (-/-). H) gRT-PCR expression for scramble and siFoxal/2 (-/-)
endoderm (Gsc), pancreas (Pdx1), mesoderm (Bmp4), and epithelial cell state (N-cadherin, E-cadherin)
after 48 hours. |) Same as above (H) except for members of the pluripotency , endoderm, and hepatic

nuclear network. Criteriawasp < 0.05for n =3.

Figure 6. shRNA of Foxal/2 regulates differentiation gene and GRN. Cellswere transduced with 5-
10 MO of shFoxal and shFoxa2, or shRNA scrambled controls, continuously selected after severa
passages with puramycin selection, and analyzed. A) Gene expression (QRT-PCR) after shRNA
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transduction with shFoxal, shFoxa2, shiFoxal/2, and scrambled shRNA control, followed by antibiotic
selection. n=1 experiments. B) Gene expression (QRT-PCR) after shRNA transduction with shFoxal/2,
and scrambled shRNA control, followed by antibiotic selection. n=3 experiments, significance denoted
by “*” for p<0.05. C) Same as B, except different gene set. D) Same as C, except different gene set.

E) Western blotting for scrambled shRNA (control) and n = 2 cell lines. Gene of interest and
housekeeping gene shown for each plot. F) Morphology comparison between top two panels (shRNA
scramble at MOI of 5 and MOI 0f10) and bottom two panels (shRNA Foxal/2). Bottom left panel-Small
white arrows demonstrate elongated and flattened cells at the edges of colonies, that were seen routinely

a low density. Bottom right panel- shFox2 -/- cell lines at high density.

Figure 7. Conditional sShRNA expression of Foxal/2 -/- phenotype demonstrates gene reversibility.
Cells were transfected with Doxycycline (Dox)-On shRNA vector (shRNA Foxa2#1) targeting both
shRNA for Foxal and Foxa2. A) First (1) shRNA was cloned into the Dox-on vector. Next, (2), DNA
was transfected and selected for by antibiotic or shRNA scrambled contrals, continuously selected after
severa passages with puramycin selection, and analyzed. Next (3) cells are exposed to Dox (1.5 ug/ml)
for 3 days and then Dox isremoved for 3 days, with cell collection at day 3 and day 6 for qRT-PCR. B)
Gene expression (QRT-PCR) after Dox addition (day 3) and Dox removal (day 6).

Figure 8. RNA-seq analysis of control (HepG2) and experimental (shFoxal/2 -/-) genes. A) Principal
component analysis with the three experimental samples and two control samples. Experimental group
(shFoxal/2 -/-) and control group are shown to cluster apart on the PC1 axis. B) Volcano plot displaying
differential expression analysis between the control and experimental group. The adjusted p-value from
the “res’ function in DESeq2 was used as the p-value for this plot. Each circle in the plot represents a
gene. The genes are colored if their adjusted p-value is below 0.05, which was used to indicate significant
differential expression. The genesin green represent upregulation and the genesin red represent down
regulation based on the log2fold change. C) Heat map of differentially expressed genes for the five
samples. Green represents relatively higher gene expression, red represents relatively lower gene
expression compared to other samples. Genes with less significant expression level differences (adjusted
p-value>0.05) were categorized as not differentially expressed and therefore not included.

448 upregulating and 235 downregulating genes are grouped together and listed by increasing adjusted p-
value for each group. Every seventh genein thelist islabeled. Hierarchical clustering was performed
using the “hclust” function in R. D) Bioinformatics analysis of RNA seq data in which number of genes
within each significant gene set is shown after removing genes not in the expression dataset. Red

indicates a negative normalized enrichment score value or downregulation, green indicates a positive NES
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value or upregulation. Gene sets are from version 7.0 of the Gene Ontology (GO) gene sets from the
Broad Ingtitute. Plot of biological process gene sets selected for relationship to stem cells and
differentiation. Number of genes within group shown after calculation, t-test comparison between groups
(P<0.05), for n = 2 control, n = 3 Foxal/2 -/- cells. Criteriawas NES -1.5< or > 1.5, and false discovery
rate (FDR)-gval <0.1).

Figure9. RNA-seq and bioinformatics analysis of Foxal/2 -/- cell lines demonstrates global regulation
of metabolic genes. A) Bioinformatics analysis of RNA seq datain which number of genes within each
significant gene set is shown related to metabolism. Red indicates a negative normalized enrichment score
value or downregulation, green indicates a positive NES value or upregulation. Gene sets are from

version 7.0 of the Gene Ontol ogy (GO) gene sets from the Broad Institute. Plot of cellular component
gene sets selected for relationship to metabolism. Number of genes within group shown after calculation,
t-test comparison between groups (P<0.05), for n = 2 control, n = 3 Foxal/2 -/- cells. Criteriawas NES -
148 <or > 1.5, and false discovery rate (FDR)-qval <0.09). B) Same as above, except Biological process
gene sets, selected for relationship to metabolism. Criteriawas NES -1.52 < or > 1.75, and false
discovery rate (FDR)-gval <0.09).
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