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SUMMARY
Primary human hepatocytes are widely used to evaluate liver toxicity of drugs, but they are scarce and
demanding to culture. Stem cell-derived hepatocytes are increasingly discussed as alternatives. To obtain
a better appreciation of the molecular processes during the differentiation of induced pluripotent stem cells
into hepatocytes, we employ a quantitative proteomic approach to follow the expression of 9,000 proteins,
12,000 phosphorylation sites, and 800 acetylation sites over time. The analysis reveals stage-specific
markers, a major molecular switch between hepatic endoderm versus immature hepatocyte-like cells im-
pacting, e.g., metabolism, the cell cycle, kinase activity, and the expression of drug transporters. Comparing
the proteomes of two- (2D) and three-dimensional (3D)-derived hepatocytes with fetal and adult liver indi-
cates a fetal-like status of the in vitromodels and lower expression of important ADME/Tox proteins. The col-
lective data enable constructing a molecular roadmap of hepatocyte development that serves as a valuable
resource for future research.
INTRODUCTION

Hepatocytes are parenchymal cells of the liver and constitute

about 70%–80% of its mass. They execute most liver functions,

such as production of bile, secretion of albumin, metabolism of

carbohydrates and fatty acids, and detoxification of xenobiotics.

Because of the latter, hepatocytes serve as an important model

system in drugdiscovery anddevelopment. Primary human hepa-

tocytes (PHHs) have become the gold standard for the assess-

ment of drug metabolism and toxicity. Although PHHs reduce

the need for animal testing, their shortage, potential changes dur-

ing in vitro culture, and high donor-to-donor variability limit their

broader applicability. To overcome the lack of expandable and

standardized sources of hepatocytes, differentiated hepatocyte-

like cells derived from human induced pluripotent stem cells

(iPSCs) are increasingly explored as alternatives (Davidson

et al., 2015; Bartfeld and Clevers, 2017). iPSCs are reprog-
This is an open access article und
rammed somatic cells that possess the ability to propagate indef-

initely and that are able to differentiate into cells of all three germ

layers. For differentiation into hepatocytes, iPSCs are treated with

Wnt3Aand activin A to promote definitive endoderm (DE) differen-

tiation, eventually leading to the formation of, e.g., the liver,

pancreas, and intestines. Further differentiation into hepatocytes

can be triggered by the addition of hepatocyte growth factor

(HGF), dexamethasone (DEX), and oncostatin M (OSM). The abil-

ity to control this process has enabled studying human develop-

mental biology and diseases (Karagiannis et al., 2019). Further

advances in cell culture have led to the generation of liver buds

(LBs), three-dimensional (3D) tissue-like structures composed of

iPSC-derived hepatic endodermal (HE), mesenchymal, and endo-

thelial cells (ECs). On transplantation into mice, LBs form vascu-

larized and functional tissue that, e.g., prolonged the lives of

mice in a model of liver failure, indicating the potential value of

LBs for regenerative medicine (Takebe et al., 2013).
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The molecular processes underlying hepatocyte differentia-

tion from iPSCs are not well understood. Several studies have

described the differentiation from iPSCs to hepatocytes, but

their characterization was mostly limited to a small number of

marker proteins (Vyas et al., 2018; Takebe et al., 2017; Sekine

et al., 2020) or mRNA expression analysis (Ang et al., 2018).

Camp et al. (2017) used single-cell transcriptomics (single-cell

RNA sequencing [scRNA-seq]) to investigate cell lineage

progression of pluripotent cells toward hepatocytes and bench-

marked iPSC-derived liver organoids to fetal cells, finding a strik-

ing similarity. Because most biological processes are regulated

at the protein level and post-translational modifications (PTMs)

are often required to control metabolic and other cellular activ-

ities, analyzing iPSC differentiation at the proteome level is a

logical next step. Few such experiments have been performed

so far, and insights have either been restricted to a more general

and early embryonic developmental stage (Van Hoof et al., 2009;

Yang et al., 2019; Rigbolt et al., 2011), limited because of low

proteome coverage (Baxter et al., 2015; Rowe et al., 2013), or

non-exhaustive analysis of the proteomic data (Hurrell et al.,

2019). Here, we systematically measured very deep and quanti-

tative temporal profiles of proteome expression changes, phos-

phorylation dynamics, and signatures of protein acetylation from

iPSCs to hepatocytes in a two-dimensional (2D) cell culture

model and integrated published scRNA-seq data collected for

the same system (Camp et al., 2017). This revealed, for instance,

stage-specific markers and changes in signaling pathways and

allowed the identification of candidate substrates of kinases

and histone deacetylases. A comparison of hepatocytes differ-

entiated in 2D or 3D with PHHs and fetal liver delineated clear

molecular differences, thereby laying the foundation to develop

strategies for an improved functional correspondence of in vivo

liver cells and iPSC-derived hepatocytes.

RESULTS

Time-resolved proteome, phosphoproteome, and
acetylome profiles of iPSC differentiation into
hepatocytes
We followed a published protocol that uses TkDA3–4 iPSCs iso-

lated from human skin and performed two independent hepato-

cyte differentiations (Camp et al., 2017). Samples were collected

for proteomic analysis (expression, phosphorylation, acetylation)

on day (d) 0 (iPSC), d6 (DE), d8 (HE), d13 (immature hepatocyte-

like [IH]), and d21 (mature hepatocyte-like [MH]; Figures 1A and

S1). Samples representing each stage were stable isotope

labeled using tandem mass tags (TMTs) and analyzed by quan-

titative mass spectrometry (MS; Figure 1B). The temporal pro-

files covered �9,000 proteins, �12,000 phosphorylation sites

(P-sites), and �800 acetylation sites (Ac-sites), providing a

comprehensive proteomic map of hepatocyte differentiation

(Figure 1C). Principal-component analysis (PCA) of quantified

proteins revealed a time-dependent separation, confirming that

the proteomic data recapitulated the cellular transition along

the differentiation process (Figure 1D). As Camp et al. (2017)

demonstrated previously using scRNA-seq data on the same

system, nearly 100% of cells reached the DE stage and 90%

of cells expressed hepatoblast-like marker proteins at the IH
2 Cell Reports 38, 110604, March 29, 2022
stage. Therefore, bulk measurements at the proteome level

appear sufficient to recapitulate protein expression for the ma-

jority of cells at each specific stage. The high quality of the pro-

teomic data was confirmed by comparing protein expression of

accepted markers with quantitative PCR data collected from the

same samples and (averaged) scRNA-seq data from the afore-

mentioned study (Figure 1E) (Camp et al., 2017). The three

data layers show consistent results for a number of stage-spe-

cific markers. However, the global correlation between mRNA

and protein levels was rather weak at all five stages (Figure S2A)

(Liu et al., 2016; Wang et al., 2019). We next calculated the fold-

change (FC)/ratios of proteins and transcripts between adjacent

stages of differentiation to ask the question if similar conclusions

could be drawn from the proteome or RNA-seq data. Interest-

ingly, these data correlated evenworse, suggesting that the tem-

poral dynamics are very discrepant between transcripts and

protein levels (Figure S2B). It is noteworthy that the correlation

of protein and mRNA between the stages that are furthest apart

in time (iPSC and MH) is better (Figure S2C; Pearson correlation

of 0.59). This indicates that mRNA levels can be used as proxies

for protein levels to some extent but are insufficient to reveal

temporal dynamics at the protein level. This interpretation is illus-

trated by plotting the temporal profiles of all differentially ex-

pressed transcription factors (TFs). Although similar overall

trends from iPSC toMH can be observed at bothmRNA and pro-

tein levels, the proteomic data bring out the temporal aspect

more clearly (Figure S2D).

The transition of HE cells to IH cells is accompanied by a
distinct metabolic switch
Analysis of variance (ANOVA) revealed a large number of proteins

with statistically significant expression changes across the differ-

entiation process (false discovery rate [FDR] < 0.05; FC > 2).

These4,956proteinswerehierarchically clustered into 10distinct

expression profiles (Figure 2A), of which clusters 3 and 10 high-

light the major protein expression changes occurring between

HE and IH. Overrepresentation analysis of Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathways revealed enrichment

ofmultiplemetabolic pathways in cluster 3 (Figure S2E). Notably,

all 13 detected proteins of the tricarboxylic acid (TCA) cycle

showed a synchronous expression pattern demonstrating their

concertedupregulation (Figure 2B). Again, this temporal behavior

was more robustly observed at the protein level (Figure S2F). In

particular, the observed upregulation of succinate dehydroge-

nase (SDHA/B), which connects the TCA cycle with the respira-

tory electron transfer chain, together with an increased expres-

sion of multiple respiratory enzymes, indicates that cellular

metabolismswitches tooxidative phosphorylation in IHcells (Fig-

ure S2G). This is supported by observed elevated levels of pro-

teins associated with the mitochondrial ribosome (Figure 2C,

left panel), which translates proteins of the electron transport

chain (Figure S2G). Cytoplasmic ribosomal proteins showed

the opposite effect (Figure 2C, right panel). All three subunits of

the pyruvate dehydrogenase complex were upregulated from

HE to IH, suggesting an increased conversion of pyruvate into

acetyl-CoA (Figure S2H), which can subsequently be metabo-

lized in the TCA cycle. Another highly enriched pathway was

peroxisome metabolism, which plays a key role in fatty acid
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Figure 1. Temporal proteome, phospho-proteome, and acetyl-proteome profiling of iPSC-derived hepatocyte-like cells

(A) Schematic overview of the procedure for differentiating human iPSCs into hepatocyte-like cells. Day (d) 0 to d21 denote the time in days at which sampleswere

collected. Information provided below the time axis refers to cell culture media and supplements.

(B) Schematic overview of the proteomic workflow and data analysis. Samples collected at each time point of cell culture were encoded by stable isotopes (TMT),

combined, and analyzed by MS to generate temporal profiles for further data analysis.

(C) Venn diagrams showing the number of identified proteins, P-sites, and Ac-sites from both independent replicates (R1, R2).

(D) PCA of the proteomic data.

(E) Z-scored normalized heatmaps of the quantities of known stage-specific differentiation markers. Left panel: proteomics data; middle panel: previously

published scRNA-seq data (Camp et al., 2017); right panel: qPCR data.

See also Figure S1.
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metabolism (Figures S2E and S2I, lower panel). Specifically, the

observed increased mRNA expression of the TF PPARA (Fig-

ure S2I, upper panel) led to higher protein expression of its target

genes (Figure 2D), pointing to an important role for PPARA in the

metabolic switch from HE to IH.
Phosphorylation changes regulating the cell cycle
precede dynamics on the proteome level
KEGG analysis also revealed an enrichment of cell-cycle-related

proteins in cluster 10 (Figure S2E). Although mRNA levels of

genes involved in DNA replication decreased between iPSC
Cell Reports 38, 110604, March 29, 2022 3
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Figure 2. Exploring protein and phosphoprotein dynamics during hepatocyte differentiation

(A) Heatmap showing results of hierarchical clustering of 4,956 differentially expressed proteins (ANOVA, BH corrected: FDR < 0.05 and FC > 2 at minimum one

time point). The right panel shows the expression profiles of proteins in all 10 clusters (n indicates the number of proteins in the cluster).

(B) Expression of proteins (Z scored) related to the tricarboxylic acid (TCA) cycle.

(C) Expression of proteins (Z scored) associated with the mitochondrial (left) or cytoplasmic (right) ribosome.

(D) Number of significantly (ANOVA, BH corrected: FDR < 0.05 and FC > 2) temporally regulated targets of PPARA and E2F1.

(E) Left panel: model showing how protein expression and phosphorylation levels of the G1/S checkpoint regulator RB1 control cell-cycle progression. Phos-

phorylation of S807/S811 of RB1 impairs binding to E2F TFs. This enables E2F to translocate into the nucleus and drive G1/S progression. In contrast, un-

phosphorylated RB1 binds E2F and inhibits G1/S progression. Right panel: G2/M checkpoint regulation by CDK1 and CCNB1. Phosphorylation of T161 of CDK1

leads to CCNB1 binding and activation of the kinase, leading to G2/M progression. The y axes show protein abundance of DE relative to iPSCs. Columns repre-

sent the average of two replicates, and error bars show the range. Asterisks denote significance (ANOVA, BH corrected: *FDR < 0.05; **FDR < 0.01).

(legend continued on next page)
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andDE, the decline in the respective protein levels was observed

only later (from HE to IH; Figure S2J). In contrast, we observed a

reduction of phosphorylation of RB1-S807/811 and CDK1-T161

from iPSC to DE, suggesting an early post-translational regula-

tion of the cell cycle byG1/S andG2/M checkpoint inhibition. Hy-

perphosphorylated RB1 is unable to bind the G1/S progressing

TF family E2F, whereas the unphosphorylated protein binds

E2F, thereby impairing cell-cycle progression. To confirm this

hypothesis, we analyzed the expression of significantly changing

proteins that are regulated by E2F1, and we observed a steady

decrease along the differentiation timeline pointing to progres-

sively decreasing E2F1 activity caused by RB1 binding

(Figures 2D and 2E, left panel).

The G2/M checkpoint is the second key regulator of the cell

cycle and mainly controlled by CDK1. Although its protein

expression did not change between iPSC and DE, we observed

a significant reduction of T161, indicating lower CDK1 activity

(Figures 2E and 2F) (Qu et al., 2021; Coulonval et al., 2011). In

addition, levels of CCNB1, the major cyclin for CDK1, were

strongly decreased between iPSC and DE (Figure 2E, right

panel). Further support for lower CDK1 activity comes from the

observation that the phosphorylation levels of a large number

of known and predicted CDK1 substrates decreased during dif-

ferentiation (Figure 2G, blue bars; Table S1). We note that CDK1

protein levels also decreased from DE to very low levels at MH

(Figure 2F), consistent with reduced proliferation accompanying

cellular maturation (Estefania et al., 2012; Boward et al., 2016).

Albeit to a lesser extent, similar observations were made for

ERK1 and ERK2. Although protein levels increased somewhat

during differentiation, the activity of the two kinases was sub-

stantially reduced (indicated by the 4- to 16-fold loss of Y187

and Y204 intensity; Figure 2F). A reduction in phosphorylation

levels was also observed for multiple known or predicted

ERK1/2 substrates (Figure 2H, blue bars; Table S1). It should

be noted that the ERK1/2 phosphorylation motif is not as selec-

tive as the CDK1 motif, potentially accounting for the more

diffuse ERK1/2 substrate analysis observed during in vitro differ-

entiation. Many more candidate kinase-substrate relationships

may be derived from the data and highlight the value of the

work as a molecular resource.

Temporal proteomic and phosphoproteomic profiles are
consistent between iPSC donors
To test the validity of the above results, we repeated the analysis

using a different iPSC donor (Ff-I01) and a slightly modified pro-

tocol (Sekine et al., 2020). Here, three independent differentia-

tions were performed, and the temporal resolution was

increased to 12 time points (Figure S3A). Using the same prote-

omic workflow as above, we identified �9,000 proteins and

�12,000 P-sites (Figure S3B). Samples from d0 (iPSC), d6

(DE), d10 (HE), d13 (IH), and d21 (MH) were employed to test

for consistency with the first differentiation. Proteome and tran-
(F) Temporal protein expression of ERK1/2 and CDK1 and levels of P-sites indica

log2-FC of two replicates, and error bars depict the range.

(G) Number of significantly upregulated/downregulated CDK1 substrates relative

(H) Same as in (G) but for ERK1/2 substrates.

See also Figure S2 and Table S1.
scriptome analysis confirmed successful differentiation, the PCA

analysis showed the expected time-dependent separation

(Figures S3C and S3D), and hierarchical clustering of differen-

tially expressed proteins (n = 5,105) showed similar dynamics

for metabolic pathways and cell-cycle-related proteins as before

(Figures S3E–S3G). The analysis also confirmed the above ef-

fects on protein and phosphorylation levels of phosphorylated

RB1, as well as reduction of phosphorylation of CDK1 and

ERK1/2 substrates (Figures S3H and S3I; Table S1).

Differentiation of iPSCs into hepatocytes is associated
with opposing but coordinated expression changes in
functional protein classes
Aiming for a more functional analysis, we divided the temporal

proteome profiles into groups of proteins with distinct biological

functions. Although the expression of epigenetic modifiers

(defined according to Medvedeva et al., 2015) decreased, the

levels of cell surface proteins increased during hepatic differen-

tiation of both iPSC lines (Figure 3A). Among proteins derived

from the cell surface protein atlas (Bausch-Fluck et al., 2015),

lysosomal proteins were overrepresented in both biological rep-

licates (Figures 3B and S4A). Beyond their catabolic functions,

lysosomes are increasingly recognized as important organelles

for differentiation processes (Monteleon et al., 2018; Kobayashi

et al., 2019; Liang et al., 2020; Villegas et al., 2019; Ferguson,

2015), and many of the changes observed in the proteome

may reflect such non-canonical functions. Of the 726 detected

cell surface proteins, 97 were differentially expressed at one or

more time points along the differentiation in both iPSC lines

(Table S2). Interestingly, the two fibroblast growth factor recep-

tors, FGFR1 and FGFR4, were significantly upregulated in HE

cells, indicating elevated FGF signaling, which was shown to

be an important pathway for early hepatocyte development

(Jung et al., 1999; Berg et al., 2007). This list provides marker

proteins that may be used for controlling future differentiations

and for purifying specific cell populations.

Most proteins annotated as epigenetic modifiers showed a

strong downregulation along the differentiation timeline (88%

in TkDA3–4 cells and 71% in Ff-I01cells; Figure 3A), suggesting

a global epigenetic rewiring of the cells. That said, diametrically

opposing trends were observed for the protein deacetylases

SIRT1 and SIRT2, in line with studies that correlate high levels

of SIRT1 with pluripotency (Calvanese et al., 2010; Lee et al.,

2012) and increasing levels of SIRT2 with differentiation (Si

et al., 2013; Cha et al., 2017) (Figures 3C and S4B). Given that

SIRT2 was the only significantly upregulated deacetylase be-

tween HE and IH, we speculated that any presumed increase

in SIRT2 activity may be measured by decreasing levels of

protein acetylation. To address this, we enriched acetylated

peptides via immunoprecipitation (IP) and indeed detected

differentially regulated acetylated lysine residues between HE

and IH. Among these was PGAM-K100, a known substrate of
tive of kinase activity. Data are normalized to iPSCs and represent the average

to iPSCs.
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Figure 3. Temporal dynamics of selected functional protein classes

(A) Temporal expression profiles of cell surface proteins and epigenetic modifiers. Proteins were hierarchically clustered (n = 8 clusters), and the median and
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**FDR < 0.01; ***FDR < 0.001).

(D) Same as in (A) but for transporter proteins and TFs.
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See also Figure S4.
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SIRT2 with important roles in energy production (Xu et al., 2014).

Similarly, acetylation of the functionally related enzymes and

known SIRT2 substrates ALDOA, ENO1, and PKM (Cha et al.,

2017) were downregulated. Our analysis revealed several acety-

lated lysine residues on these proteins together with their dy-

namics during hepatocyte differentiation that, together with

ME2 and SHMT2, likely represent SIRT2 substrates (Figure 3C,

right panel).

The liver is a molecular powerhouse, synthesizing and

secreting large quantities of biomolecules, such as bile, proteins,

and lipids. As a result, hepatocytes express high levels of trans-

porter proteins (Figure 3D). One important group is ATP-binding

cassette (ABC) transporters, which are also tightly linked to drug

metabolism, efflux, and resistance (Vasiliou et al., 2009).

Although the levels of multiple members of this family increased

over time, ABCC1, a protein that positively regulates glutathione

efflux (Wiese and Stefan, 2019), was strongly downregulated
6 Cell Reports 38, 110604, March 29, 2022
(Figures 3E and S4C, left panels). Decreased glutathione efflux

together with the observed higher expression of enzymes

involved in eliminating reactive oxygen species illustrates the

cellular adaptation to the increased use of oxidative phosphory-

lation for energy production in hepatocytes that would be ex-

pected to go along with higher oxidative stress (Figures 3E and

S4C, right panels).

We found that 76% (for TkDA3–4) and 51% (for Ff-I01) of all

detected TFs were expressed at high levels in the pluripotent

state but at far lower levels on maturation (Figure 3D). This likely

reflects the need to upkeep a large number of transcriptional pro-

grams in the pluripotent state. Once these are no longer needed,

the respective TFs are degraded. One example is the nucleo-

some remodeling deacetylase (NuRD) complex (Figure 3F). It

forms a transcriptional regulator with important roles in lineage

commitment such that it maintains transcriptional heterogeneity

in pluripotent stem cells enabling subsequent development into
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See also Figure S5 and Table S2.
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multiple different cell types (Reynolds et al., 2012; Basta and

Rauchman, 2015). Interestingly, the SIN3-complex, which, like

the NuRD complex, belongs to the family of HDAC1/2 com-

plexes, showed a similar dynamic (Figure S4D).

Hepatocyte maturation precedes the metabolic switch
With the apparent upregulation of multiple metabolic pathways,

we sought to shed more light on the temporal correlation of he-

patocyte maturation and the metabolic switch by increasing

temporal resolution. Hence we repeated the experiment taking

samples every 12 h between HE and IH (Figure 4A). The results

indicate that the upregulation of maturation markers such as

TTR, AFP, and RBP4 precede the changes in metabolism in

TkDA3–4 cells (Figure 4A, middle panel). This interpretation is
supported by similar results from experiments using Ff-I01 cells,

suggesting that themetabolic switch is a result of maturation and

not vice versa (Figure 4A, right panel).

Temporal proteome profiling reveals stage-specific
markers
Given thedepthof theproteomicdata,wesought to identifystage-

specific marker proteins by filtering differentially expressed pro-

teins (ANOVA, FDR < 0.05) for at least 2-fold higher abundance

at one time point compared with all other time points. This led to

a list of 78stage-specificproteins that exhibitedsimilar expression

profiles in both iPSC lines (Figure 4B; Table S2). These proteins

may provide a starting point for further investigations into the dif-

ferentiation process or serve as a reference list for developing
Cell Reports 38, 110604, March 29, 2022 7
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Figure 5. Comparison of in vitro and in vivo hepatocytes

(A) PCA of the in vitro (2D, 3D, EC, MC) and in vivo (fetal liver, PHH) samples.

(B) Number of significantly (ANOVA, BH corrected: FDR < 0.05) upregulated tissue-specific protein markers (Wang et al., 2019) between HE andMH (for 2D) or d3

and d11 (for 3D), respectively.

(C) Number of significantly regulated (ANOVA, BH corrected: FDR < 0.05 and FC > 2) proteins relative to PHH.

(D) Same as (C), but showing the number of significantly regulated substrates of ERK1/2 (left panel) or CK1/2 alpha (right panel), respectively.

(legend continued on next page)
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andevaluating futuredifferentiationprotocols.Mostmarkerschar-

acterized iPSCs orMHs, whereas fewwere found for the interme-

diate stages. This may be related to cell-to-cell heterogeneity,

which cannot be assessed by analyzing bulk proteomes. One

example for an iPSC marker is ACACA, the rate-limiting enzyme

in long fatty acid biosynthesis. High expression of this protein

and fatty acid synthase (FASN) suggests elevated fatty acid syn-

thesis in stem cells (Figures S5A and S5B). Another example is

theDNAmethyltransferaseDNMT3B,whichdrastically decreased

at the DE stage. The same was observed for DNMT1, which is

required for methylation maintenance. DNMT3A did not show

this behavior even though the two DNMT3 isoforms are thought

to share common functions (Figure S5C) (Challen et al., 2014). In

contrast with a study demonstrating that DNMT1, but not

DNMT3A/B, is essential for cardiomyocyte and hematopoietic dif-

ferentiation (Jackson et al., 2004), our observation of prolonged

expression of DNMT3Apast the iPSC stagemay indicate a partic-

ular role for hepatocyte differentiation. However, such a hypothe-

sis needs to be validated by additional experiments.

Prior work (Li et al., 2017) showed that stem cells and mature

hepatocytes express E-cadherin. But rather than sustaining

expression of this epithelial marker, iPSCs first undergo epithe-

lial-mesenchymal transition (EMT) for DE development. Our

proteomics and transcriptomics data revealed reduced levels

of E-cadherin and increased levels of the mesenchymal marker

N-cadherin at the DE stage, thus supporting the earlier study

(Figure S5B, right panel). GAB2 is also associated with EMT

in cancer (Ding et al., 2016) and was identified as a DE marker

(Figure S5A). ESRRG was the only protein observed to be spe-

cifically and highly expressed at the HE stage. This nuclear re-

ceptor has no known ligand but is thought to be constitutively

active. The protein is highly expressed in placenta, but not in

most other tissues, pointing to specific functions in a devel-

oping organism. As described above, most TFs decreased on

maturation, which was particularly pronounced between HE

and IH (Figure 3D). Interestingly, the TF CEBPA was one of

only three IH markers, but its close homolog CEBPB was not

significantly regulated (Figures S5A and S5B). Both TFs have

known roles in liver development (Westmacott et al., 2006;

Shen et al., 2000), but different expression profiles suggest

that they are not functionally redundant during hepatocyte

differentiation.

Even though many hepatocyte-like proteins were already up-

regulated at the IH stage, 52 of the 78 markers uncovered here

are MH specific. Furthermore, 19 are functionally related to the

immune system, which is an important but often underestimated

function of the liver (Zhou et al., 2016; Alper et al., 1969). One

protein that stands out is CPS1, the enzyme of the first commit-

ting step in the urea cycle (16-fold higher expression at MH

compared with other states; Figure S5A). The liver is the primary

location for detoxifying urea, which may explain the strong upre-

gulation of the protein at MH. Beyond this, the same protein,

when secreted from the liver, has been shown to exert a cyto-
(E) Heatmap showing hierarchical clustering of all 104 significantly regulated (ANO

2013). Right panel represents all eight clusters with their corresponding number

(F) Bar graph of the relative protein expression to PHH. Bars denote mean value

See also Figure S6 and Table S4.
kine-like and immune-system-mediating liver-protective func-

tion in response to liver injury that is independent of its function

in the urea cycle (Park et al., 2019b).

Wnt signaling plays a role in most steps of iPSC to
hepatocyte differentiation
Canonical Wnt signaling is an essential driver of DE development

(Toivonen et al., 2013; McLean et al., 2007), and the supplemen-

tation of iPSCs with Wnt3A or the Wnt activator CHIR99021

during the first 6 days drives DE formation (Figure 1A). The pro-

teomic analysis revealed expression changes of multiple regula-

tors ofWnt signaling, includingmarker proteins across all stages,

indicating a tightly orchestrated interplay ofWnt signaling activa-

tors and inhibitors (Figure 4C). First, iPSCs showed high levels of

the Wnt inhibitor RRM2, which dropped substantially at subse-

quent stages. In contrast, the Wnt receptor FZD5 showed an

8-fold increase in DE cells, suggesting FZD5 as a stage-specific

marker for DE. At the same time, a strong downregulation of

WNT5A (a ligand for the non-canonical pathway) (Sato et al.,

2010) occurred, which suggests that the non-canonical Wnt

signaling is repressed (Figure S5D, left panel). Beyond the DE

stage, FZD5 levels dropped again accompanied with upregula-

tion of the Wnt inhibitors ESRRG and WNT11 at the HE stage

(Bisson et al., 2015; Kang et al., 2018), as well as LRP4 at the

IH stage (Ahn et al., 2017), indicating that Wnt signaling is not

sustained during further hepatocyte maturation steps (Toivonen

et al., 2013; Lade and Monga, 2011). Multiple LRPs are known

co-receptors for Wnt signaling, and thus the highly synchronous

expression profile of WNT11 and LRP2 (Figures 4C and S5D,

right panel) indicates a potential interplay, which needs further

validation experiments. The Wnt pathway aside, we also identi-

fied multiple significantly altered levels of proteins and P-sites

associated with known and essential signaling pathways for he-

patocyte differentiation (Figure S5E; Table S3).

Hepatocytes differentiated in 3Dmore closely resemble
liver cells than those obtained by 2D culture
The above results were obtained by iPSCs differentiated in 2D

monolayer culture. An alternative is 3D LBs, organ-like structures

consisting of cells from the HE stage, ECs, and mesenchymal

cells (MCs), all of which are derived from iPSCs that self-organize

into LBs on pooling (Takebe et al., 2014). To explore the similar-

ities and differences between hepatocytes derived by 2D and 3D

culture (both in vitro), as well as fetal liver and PHHs (both in vivo),

we measured their (phospho-)proteomes side by side (two repli-

cates; Figure S6A). This comparison included �8,800 proteins

and �12,700 P-sites (Figure S6B). PCA analysis clearly sepa-

rated 2D, 3D, fetal liver, and PHH, with the differentiation stages

of the cell culture models indicating amaturation process toward

the in vivo hepatocytes (Figure 5A). In accordance with data from

the 2D analysis, we found multiple metabolic pathways elevated

during LB maturation and proteins related to DNA replication

downregulated (Figure S6C).
VA, BH corrected: FDR < 0.05) proteins associated with ADME (Schroder et al.,

of members.

s, and the error bars represent the range.
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We also gauged the differentiation specificity of the 3D LBs by

comparing significantly upregulated proteins between d11

versus d3 of the LBs and MH versus HE of the 2D differentiation

datasets, and compared these proteins with a proteomic anal-

ysis of 29 human tissues that defined a list of tissue-specific pro-

tein markers based on their abundance profiles (Wang et al.,

2019). This analysis confirmed that the stage-specific marker

proteins of 2D and 3D hepatocytes are closer to the human liver

than any other organ (Figure 5B). More importantly, 3D marker

proteins were more specific for the liver than 2D markers that

were also found in several other tissues. We next compared

in vitro and in vivo samples by counting all differentially ex-

pressed proteins relative to PHH. The clear trend toward dimin-

ishing differences from 2D to 3D to fetal liver suggested that 3D

hepatocytes are molecularly closer to fetal or primary adult he-

patic cells (Figure 5C). This trend was also obvious from

comparing the abundances of the top 25 to 1,000most abundant

PHH proteins with those in the 2D to 3D and fetal liver datasets

(Figure S6D). Still, it is apparent that 3D LBs do not completely

recapitulate fetal, let alone adult, hepatocytes.

In addition to the different levels of protein expression, we

found altered activities of multiple kinases between in vitro and

in vivo samples. As described above, the number of phosphory-

lated ERK1/2 and CDK1 substrates decreased along the differ-

entiation process (Figures 2G and 2H). However, compared

with PHH, kinase activities were still elevated in both in vitro

models (Figures S6E and 5D, left panel; Table S4). A similar trend

was observed for casein kinase 1/2 (CK1/2) alpha, which had

previously been associated with embryonic development in

mice (Figure 5D, right panel; Table S4) (Dominguez et al., 2011;

Gotz and Montenarh, 2017; Lou et al., 2008).

ADME/Tox protein expression profiles of iPSC-derived
hepatocytes do not closely resemble PHHs
Drug effects on proteins related to absorption, distribution, meta-

bolism, and excretion, as well as toxicity (ADME/Tox), are critical

for the assessment of whether a bioactive compound can be

developed as a therapeutic drug. Therefore, we analyzed the pro-

teomic data with a particular emphasis on these proteins (n = 104)

(Schroder et al., 2013). Clustering their abundances clearly

showed that most proteins were highly expressed only in PHHs

(Figure 5E, clusters 5 and 6). Cluster 5 includes GSS, which cata-

lyzes the second step of glutathione synthesis and is an important

antioxidant that is used in multiple assays to detect drug toxicity.

Clusters 3 and 4 almost exclusively comprise proteins with

elevated levels at the MH of 2D differentiated hepatocytes but

also contains FOXA1, an important TF for DE development (Lau

et al., 2018), early lineage specification, and indicating incomplete

maturation (Figure 5F). The latter is also apparent when quanti-

fying the levels of particular proteins (Figure 5F). Although the

levels of, e.g., the transporter ABCC1 and GSS are not very

different between iPSC-derived hepatocytes and PHHs, other

proteins showed 10- to 1,000-fold lower values.

DISCUSSION

The immature properties and incomplete molecular character-

ization of stem cell-derived hepatocytes hamper their broader
10 Cell Reports 38, 110604, March 29, 2022
application in the assessment of drug toxicity and regenerative

medicine. Although previous studies mainly focused on tran-

scriptome analysis (Camp et al., 2017; Ang et al., 2018), few pro-

tein markers (Takebe et al., 2017; Vyas et al., 2018; Sekine et al.,

2020) and proteomics datasets are available for this biological

system (Baxter et al., 2015; Hurrell et al., 2019). Hencewe sought

to obtain a broader view of hepatocyte differentiation at the pro-

tein and PTM levels. These data formed the basis for construct-

ing a detailed and high temporal resolution map of key proteins

and pathways involved in the process (Figure 6).

Only a few interesting cases could be highlighted here, and

many further global and focused interrogations of the proteomic,

phosphoproteomic, and acetylproteomic data can be envis-

aged. Therefore, all proteomic data are made publicly available

for further mining. Rapidly dividing cells, such as stem cells or

cancer cells, are tightly associated with the Warburg effect, the

phenomenon that cells produce ATP by aerobic glycolysis

instead of more energy-efficient oxidative phosphorylation (Lib-

erti and Locasale, 2016; DeBerardinis et al., 2008; Varum et al.,

2011). High proliferation rates also come with the need to

generate membranes, which is reflected by high rates of fatty

acid synthesis (Currie et al., 2013; Rohrig and Schulze, 2016).

In line with the above, a key enzyme for de novo lipogenesis,

FASN, was the most abundant protein in the TkDA3–4 cells

and among the top 20 in Ff-I01 cells. On DE specification, we

observed a strong drop in the protein levels of FASN, as well

as ACACA, the rate-limiting enzyme for de novo fatty acid

biosynthesis, suggesting that cells shift their metabolic profiles.

A similar effect was previously described for FASN during initia-

tion of neural stem cells differentiation (Knobloch et al., 2013). An

even more drastic metabolic switch occurred at the transition

from HE to IH. High levels of SIRT1 in iPSCs have previously

been associated with pluripotency, and diminishing levels of

SIRT1 at this stage likely reflect the loss of this cellular character-

istic (Lee et al., 2012; Cha et al., 2017; Choi and Mostoslavsky,

2014; Tobita et al., 2016). SIRT2 showed a diametrically

opposing expression behavior to SIRT1. High levels of SIRT2

at IH coincided with the observed metabolic switch and suggest

the deacetylation of multiple putative lysine residues. The

expression changes of both SIRT1 and SIRT2 appear tightly

regulated and required for a successful differentiation. The

high temporal resolution of the proteomic experiment suggests

that the addition of SIRT1 inhibitors at the HE stage could

improve the protocol, especially because SIRT1 inhibition has

previously been shown to enhance differentiation in the context

of neural development and hematopoiesis (Kim et al., 2016; Park

et al., 2019a; Hu et al., 2014).

Analysis of the proteome and phosphoproteome also high-

lighted processes that could not be discerned from the tran-

scriptomic data. For instance, reconstructing kinase-substrate

relationships from the phosphoproteomic data allowed us to

elucidate the temporal activity of CDK1 during differentiation.

Consistent with previous studies (Boward et al., 2016; Nega-

nova et al., 2014) showing high CDK activity in embryonic

stem cells, we observed an immediate decrease of substrate

phosphorylation on cell differentiation, adding another level of

information to the transcriptomic and proteomic data. Previous

work has highlighted a complex role of ERK activity in early
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lineage specification (Kunath et al., 2007; Ying et al., 2008;

Roode et al., 2012; Piliszek et al., 2017; Yu et al., 2018), but

its influence on late hepatocyte maturation had remained

inconclusive. Based on our experiments, ERK signaling is not

sustained beyond the HE stage, despite increasing protein

levels. Although CDK1 and ERK1/2 substrate phosphorylation

dropped during in vitro differentiation, the comparison with

in vivo liver samples suggested still higher activity. The same

trend was observed for CK1 and CK2 alpha. CK and ERK inhib-

itors have also been used before to promote differentiation pro-

cesses, but not in the context of hepatocyte differentiation

(Meng et al., 2018; Yu et al., 2018; Jaiswal et al., 2000).

Because CK1 inhibitors can enhance the differentiation of

pancreatic progenitor cells, which share DE as a common

origin with hepatocytes (Zhang et al., 2021), these inhibitors

may also work for hepatocyte differentiation.

In summary, our work provides a resource of thousands of

proteins and P-sites collected at high temporal resolution that

improves our understanding of hepatocyte differentiation. The

depicted pathways and proteins specific to discrete differentia-

tion stages add to the functional characterization of the process.

Furthermore, our datasets substantiate the reported superiority

of 3D models compared with 2D monolayers (Baxter et al.,

2015; Chandrasekaran et al., 2017; Branco et al., 2019; Duval

et al., 2017; Bratt-Leal et al., 2009) and expose the shortcomings

of these systems compared with hepatocytes generated in vivo.

Still, given the high temporal resolution and proteomic depth of

our data, we envision that researchers will find more examples

for candidate proteins that characterize a particular cellular state

and that may be used to develop improved differentiation proto-

cols in the future.
Limitations of the study
Current MS-based proteomics still require starting materials that

are incommensurate of single-cell analysis that may have pro-

vided more detailed insights. Limits in sample availability also

impact the comprehensiveness of PTM analysis, which scales

with the amount of starting material. Although a reasonable

coverage of the phosphoproteome could be achieved in this

study, it is certainly incompleteandmaynot includeeven function-

ally well-annotated P-sites. This issue is even more pronounced

for the acetylproteome in this study. Themajority of the presented

work is descriptive. Because in vitro differentiation experiments

are demanding and yield scarce sample quantities, the number

of follow-up experiments in this study is limited. Hence several

findings and the hypothesis need additional experiments.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Fetal liver UK HDBR resource N/A

PHH University Clinic of Leipzig N/A

Chemicals, peptides, and recombinant proteins

mTeSR1 StemCell Technologies Cat# 85850

Laminin 511-E8 iMatrix-511, Nippi Cat# T304

Accutase� Sigma-Aldrich Cat# A6964

RPMI 1640 GibcoTM Cat# 21875034

B-27TM GibcoTM Cat# 17504044

Wnt3a R&D Systems Cat# 5036-WNP

Activin A Sigma-Aldrich Cat# A4941

Activin A Ajinomoto Cat# AMS-ACTA-50

ROCK Inhibitor Y-27632 Fujifilm Wako Pure Chemical Cat# 259-00613; CAS: 331752-47-7

KnockOutTM-DMEM GibcoTM Cat# 10829018

DMSO Sigma-Aldrich Cat# D2438; CAS: 67-68-5

KnockOutTM Serum Replacement GibcoTM Cat# 10828010

GlutaMAXTM GibcoTM Cat# 35050061

MEM Non-Essential Amino Acids GibcoTM Cat# 11140050

2-Mercaptoethanol GibcoTM Cat# 31350010

HCMTM Hepatocyte Culture Medium BulletKit TM Lonza Cat# CC-3198

Hepatocyte growth factor R&D Systems Cat# 294-HG-005

Oncostatin M R&D Systems Cat# 295-OM

StemFitTM For Differentiation Ajinomoto Cat# AS401

CHIR99021 Cayman Chemical Cat# 13122; CAS: 252917-06-9

Sodium butyrate Sigma-Aldrich Cat# B5887; CAS: 156-54-7

StemFitTM Basic03 Ajinomoto Cat# ASB03

L-glutamine GibcoTM Cat# G7513; CAS: 56-85-9

Dexamethasone Sigma-Aldrich Cat# D2915; CAS: 50-02-2

DMEM/F-12 GibcoTM Cat# 11320074

BMP4 R&D Systems Cat# 314-BP

StemPro-34 SFM medium GibcoTM Cat# 10639011

VEGF GibcoTM Cat# PHC9394

Forskolin Cayman Chemical Cat# 11018

PDGF-BB Peprotech Cat# 100-14B

bFGF Fujifilm Wako Pure Chemical Cat# 064-04541

TrypLETM GibcoTM Cat# 12563029

BD MatrigelTM BD Bioscience Cat# 356234

DMEM Fujifilm Wako Pure Chemical Cat# 043-30085

KBM-VEC1 basal medium Fujifilm Wako Pure Chemical Cat# 636-41045

cOmpleteTM EDTA-free protease inhibitor Roche Cat# 11873580001

Phosphatase inhibitor cocktail 1 Sigma-Aldrich Cat# P2850

Phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat# P5726

Phosphatase inhibitor cocktail 3 Sigma-Aldrich Cat# P0044

Trypsin Roche Cat# 11047841001

TMT-6plex Thermo ScientificTM Cat# 90068

TMT-11plex Thermo ScientificTM Cat# A34808

(Continued on next page)
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Hydroxylamine Sigma-Aldrich Cat# 438227

Ammonium hydroxide solution Sigma-Aldrich Cat# 221228; CAS: 1336-21-6

Ammonium formate Sigma-Aldrich Cat# 770221; CAS: 540-69-2

PTMScan� IAP Cell Signaling Technologies Cat# 9993S

Ammonium acetate Sigma-Aldrich Cat# 73594, CAS: 631-61-8

Ammonium bicarbonate Sigma-Aldrich Cat# 09830; CAS: 1066-33-7

Critical commercial assays

PierceTM Coomassie Plus (Bradford) Assay Kit Thermo ScientificTM Cat# 23236

PTMScan� Acetyl-Lysine Motif Kit Cell Signaling Technology Cat# 13416

RNeasy Kit QIAGEN Cat# 74104

iScriptTM cDNA Synthesis Kit BioRad Cat# 1708890

SensiMixTM SYBR� No-ROX Kit Bioline Cat# QT650-05

Deposited data

Protein mass spectrometry data This paper (Pride) PXD027439

scRNA-seq data Camp et al., 2017

(Gene Expression Omnibus)

GSE81252

Experimental models: Cell lines

TkDA3-4 Takebe et al., 2013 N/A

Ff-I01 Takebe et al., 2017 N/A

Oligonucleotides

A complete list of qPCR primers

can be found in Table S6

This paper Roche UniversalProbe library system

Software and algorithms

Adobe Illustrator Adobe https://www.adobe.com/

Maxquant software Cox and Mann, 2008 Version 1.6.2.3: https://www.maxquant.

org/

GraphPad Prism 5 GraphPad Software, San Diego,

California USA

https://www.graphpad.com/

Perseus Tyanova et al., 2016 Version 1.6.2.3: https://maxquant.net/

perseus/

R The R Project Version 4.0.2: https://www.r-

project.org/

R Package ‘‘sva’’ Johnson et al., 2007 Version 3.30.1

R Package ‘‘factoextra’’ Version 1.0.7: https://cloud.r-

project.org/package=factoextra

R Package ‘‘ggplot2’’ Version 3.3.2: https://cloud.r-

project.org/package=ggplot2

R Package ‘‘clusterProfiler’’ Yu et al., 2012 Version 3.16.0: https://bioconductor.

org/packages/clusterProfiler/

TRRUST (Version 2) Han et al., 2018 https://www.grnpedia.org/trrust/

Networkin Horn et al., 2014 http://www.networkin.info/

Other

C18 Extraction Disks 3MTM EmporeTM Cat# 11913614

SepPak column Waters Corps. Cat# WAT054960

ProPacTM IMAC-10 4x50mm Thermo Fisher Scientific Cat# TFS-063276

Acclaim AmG C18 column Thermo Fisher Scientific Cat# 088753

Dionex Ultimate 3000 HPLC system Thermo Fisher Scientific N/A

XBridge BEH130, 3.5 mm, 2.1x150mm Waters Corps. Cat# WT186003565

Fusion Lumos Tribrid mass spectrometer Thermo Fisher Scientific Cat# IQLAAEGAAPFADBMBHQ
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Aekta HPLC system GE Healthcare Life Sciences N/A

scRNA seq data Camp et al., 2017 GEO: GSE81252

Human reference proteome UniProt UP000005640

(Downloaded 22.07.2013):

https://www.uniprot.org/

proteomes/UP000005640
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bernhard

Kuster (kuster@tum.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Themass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riv-

erol et al., 2019) partner repository. The accession number is listed in the key resources table. This paper analyzes existing,

publicly available scRNA-seq data. The accession number for the dataset is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells
Both iPSC lineswere kindly provided by TheUniversity of Tokyo andmaintained on laminin 511-E8 (iMatrix-511, Nippi)-coated dishes

under 5% CO2 and 37�C. TkDA3-4 iPSC line (Takebe et al., 2013) was cultivated in standard feeder-free conditions in mTeSR1

(StemCell Technologies). Ff-I01 iPSC line (Takebe et al., 2017) was cultivated in StemFit Basic03 (Ajinomoto) supplemented with

80 ng/mL bFGF (Fujifilm Wako Pure Chemical).

Primary cells
Adult human liver samples were obtained from the Universitätsklinikum Leipzig with the donor’’s informed consent. Adult human liver

tissue was obtained from the Universitätsklinikum Leipzig with ethical approval from the Ethics Commision of the Medical Faculty of

the University of Leipzig (approval number 177/16-1k). Primary human hepatocytes (PHH) were isolated from healthy tissue that re-

mained resected human liver of one patient as described previously (Kegel et al., 2016).

The experiments with human fetal liver were performed with ethical approval from the Ethics Commision of the Medical Faculty of

the University of Leipzig (approval number 332/16-ek). The human fetal liver samples were provided by the Joint MRC/Wellcome

Trust HDBR from gestation week 16 and 17.

METHOD DETAILS

2D hepatocyte differentiation
2D hepatocytes were generated from two different human-derived iPSC lines, TkDA3-4 (Takebe et al., 2013) and Ff-I01 (Takebe et al.,

2017), respectively. Cell lines were confirmed to be mycoplasma negative before differentiations were started. TkDA3-4 cells were

cultivated in standard feeder-free conditions in mTeSR1 (StemCell Technologies) on laminin 511-E8 (iMatrix-511, Nippi)-coated

dishes andwere differentiated like described previously (Camp et al., 2017). Briefly, TkDA3-4 cells were dissociated using Accutase�
(Sigma-Aldrich) and seeded in RPMI 1640 (GibcoTM) medium with 1% B-27TM (GibcoTM), 50 ng/mL Wnt3a (R&D Systems), and

100 ng/mL activin A (Sigma-Aldrich) on laminin 511-E8 (iMatrix-511, Nippi)-coated dishes. For the initial seeding, 10 mM ROCK In-

hibitor Y-27632 (Fujifilm Wako Pure Chemical) was supplemented. Between day 6 and day 13, cells were cultivated in

KnockOutTM-DMEM (GibcoTM) with 1% (vol/vol) DMSO (Sigma-Aldrich), 20% (vol/vol) KnockOutTM Serum Replacement, 1 mMGlu-

taMAXTM, 1% (vol/vol) non-essential amino acids, and 0.1 mM 2-mercaptoethanol (all GibcoTM). Lastly, cells were cultured in hepa-

tocyte culture medium (Lonza) without EGF and supplemented with 20 ng/mL hepatocyte growth factor and 20 ng/mL oncostatinM

(both R&D Systems) until day 21. The medium was exchanged daily during the differentiation process and the cell morphology was
e3 Cell Reports 38, 110604, March 29, 2022
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monitored bymicroscopy. At day 0 (iPSC), day 6 (DE), day 8 (HE), day 13 (IH), and day 21 (MH) cells were harvested and subsequently

used for RNA extraction and MS sample preparation. For the higher resolution experiment, samples were taken every 12 h between

HE and IH. As shown by Camp et al., close to 100% of the iPSCs developed into DE (Camp et al., 2017). While the subsequent dif-

ferentiation towards HE showed some heterogeneity, almost 90% of IH cells expressed hepatoblast-like genes such as AFP, TTR,

and RBP4.

Hepatocytes derived from Ff-I01 cells were generated like described previously (Sekine et al., 2020). Briefly, cells were cultivated in

StemFitTM Basic03 (Ajinomoto) with 80 ng/mL bFGF (Fujifilm Wako Pure Chemical) medium and dissociated for differentiation using

Accutase� (Sigma-Aldrich). Dishes were coated with laminin 511-E8 (iMatrix-511, Nippi) and cells were seeded in the presence of

ROCK inhibitor Y-27632 (Fujifilm Wako Pure Chemical). For the first 6 days of differentiation, cells were cultivated in RPMI 1640

(GIBCOTM) supplemented with 20% StemFitTM For Differentiation and 100 ng/mL activin A (both Ajinomoto). Additionally, 2 mM

CHIR99021 (Cayman Chemical) was added for the first 3 days and 0.5 mM sodium butyrate (Sigma Aldrich) was supplemented

from day 1 to day 4 resulting in almost 100% of the cells expressing the DE marker CXCR4 (Sekine et al., 2020). From day 6 to

day 13, cells were cultured in StemFitTM Basic03 (Ajinomoto) medium supplemented with 1% DMSO (Sigma-Aldrich), 0.1 mM

2-mercaptoethanol, 0.5% L-glutamine, and 1% non-essential amino acids (all GibcoTM). The medium was exchanged daily during

the first 13 days of differentiation. For the final 8 days, cells were cultured in DMEM medium (GIBCOTM) supplemented with 5%

StemFitTM For Differentiation (Ajinomoto) and 0.1 mM dexamethasone (Sigma-Aldrich) with medium exchange every second day.

Differentiation of ECs and MCs
ECs and MCs were differentiated from iPSC as reported previously (Takebe et al., 2017). Briefly, for EC generation, human iPSCs

were dissociated with Accutase� (Sigma-Aldrich) and plated on laminin 511-E8 (iMatrix-511, Nippi)-coated dishes with the meso-

derm induction medium consisting of DMEM/F-12 (1:1 mixture) medium supplemented with 1% GlutaMAXTM, 1% B-27TM (all Gib-

coTM), 8 mM CHIR99021 (Cayman Chemical), and 25 ng/mL BMP4 (R&D Systems). After additional 4 days, the mesoderm induction

mediumwas replaced with EC InductionMedium consisting of StemPro-34 SFMmedium supplemented with 200 ng/mL VEGF (both

GibcoTM) and 2 mM forskolin (Cayman Chemical). The medium was exchanged every second day until day 10.

For MC/STM differentiation, human iPSCs were dissociated with Accutase� (Sigma-Aldrich) and plated on laminin 511-E8 (iMa-

trix-511, Nippi)-coated dishes with mesoderm inductionmedium consisting of DMEM/F-12 (1:1 mixture) medium supplemented with

1% GlutaMAXTM, 1% B-27TM (all GibcoTM), 8 mM CHIR99021 (Cayman Chemical), and 25 ng/mL BMP4 (R&D Systems) for

4 days. Then, cells were cultured with LPM induction medium consisting of DMEM/F-12 supplemented with 1% B-27TM, 10 ng/

mL PDGFBB, 2 ng/mL activin A, and 1% GlutaMAXTM for 2 days. Afterwards, cells were cultured with STM induction medium con-

sisting of DMEM/F-12, 1% B-27TM, 10 ng/mL bFGF, 12 ng/mL BMP4, and 1% GlutaMAXTM.

3D LB generation
LBs were generated like described previously (Takebe et al., 2014). Briefly, HE, EC, and MC/STM cells were derived from iPSCs,

dissociated with TrypLETM (GibcoTM) and plated at a ratio of 10:7:2 onto a Matrigel (BD Bioscience)-coated dish. Cells were cultured

in 1:1mixture of DMEM (GIBCOTM) and KBM-VEC1 basal medium (FujifilmWako Pure Chemical) supplementedwith 2.5%StemFitTM

For Differentiation (Ajinomoto) and 0.1 mM dexamethasone (Sigma-Aldrich). For initial seeding, 10 mM of the ROCK inhibitor Y-27632

was added and thereafter half of the medium was exchanged daily.

Adult and fetal liver cells
Adult human liver samples were obtained from the Universitätsklinikum Leipzig with the donor’’s informed consent. Primary human

hepatocytes (PHH) were isolated as described previously (Kegel et al., 2016). Briefly, liver tissues were dissociated using a two-step

EGTA/collagenase P perfusion incubation and the PHH cells were separated from the non-parenchymal cells by centrifugation at

50 xg.

The human fetal liver samples were provided by the Joint MRC/Wellcome Trust HDBR with ethical approval. In this work, human

fetal liver samples from gestation week 16 and 17 were used for the proteomics study.

RNA extraction and qPCR analyis
For qPCR analysis, RNA from the harvested cells was isolatedwith the RNeasy Kit (QIAGEN) by following themanufacturer’’smanual.

The RNA concentration was measured via Nanodrop2000 and 100–200 ng of total RNA were reverse transcribed with the iScriptTM

cDNA Synthesis Kit (Bio-Rad). 500 ng of cDNA were further used for each qPCR reaction with the SensiMix SYBR Kit (Bioline) and

QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) according to manufacturer’s instructions. First, the data was

normalized to the housekeeping gene GAPDH (TkDA3-4 cells) or 18 S RNA (Ff-I01 cells), then the averaged 2(�D CT) was calculated

for each time point and further z-scored for heatmap visualizations. A list of all primers can be found in Table S5.

Cell lysis, protein digestion, and labeling
Cells were harvested/isolated and washed twice with PBS (w/o CaCl2/MgCl2, Sigma-Aldrich). The cell pellet was resuspended in

lysis buffer containing 8 M urea (Sigma-Aldrich), 40 mM Tris/HCl (pH 7.6, Roche), 1x EDTA-free protease inhibitor (cOmpleteTM,

Roche), and 1x phosphatase inhibitor mix (prepared in-house according to the Phosphatase Inhibitor Cocktail 1, 2, and 3 from
Cell Reports 38, 110604, March 29, 2022 e4
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Sigma-Aldrich). Samples were frozen at�80�C and thawed on ice before they were pelleted at 20.000 xg at 4�C for 20 min. The pro-

tein concentration wasmeasured via PierceTM Coomassie (Bradford) and 100 mg (for TkDA3-4 differentiations) or 70 mg (for the Ff-I01

differentiation) were further used for digesting. For this, samples were reduced with 10 mMDTT for 45 min at 37�C and alkylated with

55 mM CAA for 30 min at RT in the dark. Next, 40 mM Tris was used to decrease the urea concentration below 1.6 M. The digestion

was started by adding 1:100 (enzyme:protein) trypsin (Roche) and incubating at 37�C for 3 h and 700 rpmon a thermoshaker. After the

pre-incubation, more trypsin was added at a 1:100 (enzyme:protein) ratio and incubated overnight. After digestion, samples were

acidified to a pH of 2–3 with formic acid (FA, Sigma-Aldrich) and used for StageTip desalting like described previously (Rappsilber

et al., 2007). The desalted samples were frozen and dried using a Speed-Vac. Next, the peptides were labeled with TMT (Thermo

Scientific) like described previously (Zecha et al., 2019). Briefly, peptides were reconstituted in 20 mL of 50 mM HEPES (pH 8.5),

5 mL of 11.6 mM TMT reagent was added and incubated at RT shaking at 400 rpm. After 1 h, the labeling reaction was stopped using

2 mL of 5% hydroxylamine (Sigma-Aldrich). Next, all channels were pooled and the reaction tubes were rinsedwith 20 mL of 10%FA in

10% ACN and also combined to the pooled samples. The labeled peptides were frozen and dried using a Speed-Vac. The labeled

peptides were further reconstituted in 0.1% FA and loaded on pre-equilibrated 50 mg SepPak columns (Water Corp.). Unspecific

binders were washed away with 0.1% FA, peptides were eluted with 0.1% FA in 50% ACN, and dried.

Peptide enrichment, immunoprecipitation, and off-line fractionation
Next, phosphopeptides were enriched as described earlier (Ruprecht et al., 2017a). In brief, desalted samples were reconstituted in

0.07% TFA with 30% ACN and loaded onto a Fe3+-IMAC column (ProPacTM IMAC-10 43 50 mm, Thermo Fisher Scientific) coupled

to an AEKTA HPLC system (GE Healthcare Life Sciences). The unbound peptides were collected and further used as full proteome

(FP). The bound phosphopeptides were eluted with 0.315% ammonium hydroxyde and fractionated as described previously (Ru-

precht et al., 2017b). In Brief, dried phosphopeptides were resuspended in 25 mM ammonium formate, loaded onto StageTips (5

disks, diameter 1.5 mm C18 material, 3 M Empore) and eluted with 5%, 10%, 15%, 17.5%, and 50% ACN in 25 mM ammonium

formate. The 5% and 50% fractions as well as the 17.5% and flowthrough were combined. All fractions were frozen and dried before

data acquisition.

The TkDA3-4 FP was further used for acetyl-IP according to the manufacturer’s protocol with some modifications. For this, the

dried FP samples were reconstituted in PTMScan� IAP buffer and incubated at 4�C for 1 h with PTMScan� Acetyl-Lysine Motif

(both Cell Signaling Technology) antibody beads. The unbound FP was dried and used for further offline fractionation. Acetylated

peptides were eluted with 0.15% TFA and desalted via StageTips (3 disks, diameter 1.5 mm C18 material, 3 M Empore) (Rappsilber

et al., 2007). Desalted samples were further dried and used for MS measurements.

The FP fractions were further deep fractionated via Trinity fractionation (only TkDA3-4 cells) or hPH reversed phase as described

previously (Yu et al., 2017). For Trinity fractionation, samples were reconstituted in 10 mM ammonium acetate (in water, pH 4.7) and

loaded onto an Acclaim AmG C18 column (2.1 3 150 mm, Thermo Scientific) connected to a Dionex Ultimate 3000 HPLC system

(Thermo Fisher). Peptides were eluted by increasing the concentration of the elution buffer (10 mM ammonium acetate in 95%

ACN, pH 5.4) and pooled to 32 fractions. For hPH fractionation, samples were reconstituted in 25 mM ammonium bicarbonate

(pH 8) and loaded onto a C18 column (XBridge BEH130, 3.5 mm, 2.13 150 mm, Waters Corp.). Peptides were eluted with increasing

ACN concentration to 96 fractions and further pooled to 48 fractions.

Mass spectrometry data acquisition
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol

et al., 2019) partner repository with the dataset identifier PRIDE: PXD027439. All samples were measured in data-dependent acqui-

sitionmode using a nanoflow LC-MS/MS by coupling a Dionex Ultimate 3000UHPLC + system to a Fusion Lumos Tribridmass spec-

trometer (Thermo Fisher Scientific). Peptides were loaded onto an in-house packed trap column (75 mm 3 2 cm, 5 mm C18 resin;

Reprosil PUR AQ, Dr. Maisch) and separated using an analytical column (75 mm3 40 cm, packed in-house with 3 mmC18 resin; Re-

prosil PUR AQ) with a flow rate of 300 nL/min. The following MS method was used and adapted depending on the sample type and

labelling reagent.

The TMT6-plex labeled fullproteome was eluted with a linear 50 min gradient from 8% to 34% LC buffer B (0.1% FA, 5% DMSO in

ACN) in LC buffer A (0.1% FA, 5% DMSO in MS-grade water). The MS1 spectra were acquired in positive mode in the orbitrap with

60,000 resolution and a scan range from 360-1300 m/z (automatic gain control (AGC) target of 4e5 charges, maximum injection time

(maxIT) of 20 ms). The isolated precursors were fragmented via CID (collision induced dissociation) and the resulting MS2 spectra

were recorded with 15,000 resolution in the orbitrap, an AGC target of 5e4 charges, and a maxIT of 22 ms. For the subsequent

SPS-MS3 scans, 10 MS2 fragments were selected simultaneously and further fragmented via HCD (higher-energy collisional disso-

ciation). The resulting ions were recorded in the orbitrap with 15,000 resolution, an AGC target of 1e5 charges, and amaxIT of 50 ms.

For the TMT11-plex labeled FP, the same LC gradient was used and only the following changes were made. The MS2 spectra were

recorded in the iontrap with rapid mode, an AGC target of 2e4 charges, and a maxIT time of 60 ms. The MS3 spectra were acquired

with 50,000 resolution, an AGC target of 1.2e5 charges, and a maxIT of 120 ms.

The IMAC-enriched phosphopeptides were eluted with a linear 80 min gradient from 4% to 32% LC buffer B and the MS1 spectra

were subsequently recorded in the orbitrap with 60,000 resolution, an AGC target of 4e5 charges, and a maxIT of 20 ms (for TMT6

samples) or 50 ms (for TMT11 samples), respectively. For the following MS2 spectra, precursor ions were fragmented via CID and
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recorded in the orbitrap with 15,000 resolution, an AGC target of 5e4 charges, and a maximum IT of 22 ms. The SPS-MS3 scan was

acquired in the orbitrap with 15,000 resolution, an AGC target of 1e5 charges, and a maximum IT of 50 ms for the TMT6-plex labeled

phosphopeptides. For the TMT11-plex labeled samples, a resolution of 50,000, an AGC target of 1.2e5 charges, and a maxIT of

120 ms was used.

Samples from the acetyl-IP were eluted with a linear 100 min gradient from 6% to 34% LC buffer B. MS1 spectra were acquired

with 60,000 resolution in the orbitrap, an AGC target of 4e5 charges, and a maxIT of 20 ms. For the subsequent MS2 spectra, pre-

cursor ions were fragmented via CID and recorded in the orbitrap with 15,000 resolution, an AGC target of 1e5 charges, and a maxIT

of 200 ms. For the following SPS-MS3 scan, 10 precursors were selected, fragmented via HCD, and read out in the orbitrap with

15,000 resolution (AGC target of 1.2e5 charges and a maxIT of 300 ms).

Peptide and protein database searching
Raw files were searched with MaxQuant software (Cox and Mann, 2008) (version [1.6.2.3]) against the UniProtKB human reference

list (downloaded 22.07.2013) with default settings unless stated otherwise. Trypsin was used as protease and up to two missed

cleavages were allowed. Carbamidomethylation of cysteine was set as a fixed modification and oxidation of methionine as well

as N-terminal protein acetylation were defined as variable modifications. Raw files from the phosphoproteome and acetylome

were processed together with the corresponding FP data in a separate parameter group with phosphorylation of serine, threonine,

and tyrosine or acetylation of lysine, respectively, as additional variable modifications. Reporter ion MS3 was set as quantification

type and TMT as isobaric labels.

Proteomics data analysis
For data analysis and visualization, mostly Microsoft Excel, GraphPad Prism 5, RStudio (version [4.0.2]), and the Perseus software

(Cox andMann, 2012; Tyanova et al., 2016) (v. 1.6.2.3) were used. Firstly, all reversed hits and proteins that were only identified by site

were removed from the proteingroups.txt output. Then, the reporter intensities were log2 transformed and median-centered to the

overall median of the respective dataset. Further, samples were adjusted with ComBat (Johnson et al., 2007) from the ‘‘sva’’ package

(version [3.30.1]) to remove batch effects between replicates. Principal component analysis was performed on the intersection of the

replicates with the ‘factoextra’ package (version [1.0.7]) and plotted with the ‘ggplot2’ package (version [3.3.2]). One-way ANOVA test

with multiple testing correction (Benjamini-Hochberg, BH) was used to determine significance. A protein was classified as differen-

tially expressed with an FDR<0.05 and a FC > 2 at one or more time points. For clustering, all differentially expressed proteins were

row-wise z-scored and hierarchical clustered with the Perseus software. The KEGG enrichment analysis was performed with the

‘clusterProfiler’ (Yu and He, 2016; Yu et al., 2012) package (version [3.16.0]) with an FDR threshold set to 0.05. To derive TF-target

relationships, differentially expressed proteins from each time point (relative to iPSC) were processed with TRRUST (version 2) (Han

et al., 2018).

Phosphoproteomics and acetyl-IP data analysis
Reverse hits were removed from the Maxquant output and filtered for class I (localisation probability>0.75) P-sites or Ac-sites,

respectively. The reporter intensities were log2 transformed and median-centered using the correction factors from the correspond-

ing FP data. Batch effect correction was performed with ComBat and differentially expressed P-sites or Ac-sites, were determined

like for the FP dataset (ANOVA: FDR<0.05 and FC > 2). The differentially expressed P-sites were further used for kinase-substrate

relationship prediction with the networkin (Horn et al., 2014) web-tool.

scRNA-seq data analysis
For transcriptomics analyses, previously published scRNA-seq data (Camp et al., 2017) was used, in which the same 2D differenti-

ation protocol with TkDA3-4 cells was performed. In that study, a total of 425 single-cell transcriptomes from multiple time points

(iPSC = 80, DE = 70, HE = 113, IH = 81, and MH = 81 single cells) during hepatocyte differentiation were acquired. The normalized

log2(FPKM) expression of all single cells at one time point were averaged to make it comparable with the bulk proteomics dataset.

QUANTIFICATION AND STATISTICAL ANALYSIS

The differentiation experiments were repeated independently two or three times, respectively, as outlined in theMethod details. One-

way analysis of variance (ANOVA) was calculated with the ‘stats’ package (version [4.0.2]) using the the aov() and TukeyHSD()

functions in Rstudio (version [4.0.2]). Benjamini-Hochberg was applied to correct for multiple testing errors. A protein, a P-site, or

an Ac-site was classified as significant with an FDR < 0.05 and a FC > 2. Statistical details can also be found in the according figure

legends.
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