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Materials and methods 

Generation of CreER knock-in lines. IRES was amplified from MSCV-IRES-GFP 

(Addgene #20672) and inserted into pCAG-CreERT2 (Addgene #14797) using 

SacII/EcoRI. IRES-CreERT2 flanked by homology arms from targeted genes were 

integrated into either pUC19 or pBluescriptSK(+). After sequencing, these plasmids were 

either directly injected with Cas9 mRNA and sgRNA into mouse zygotes, or used as 

templates to make double (ds) or single stranded (ss)DNAs, which were then co-injected 

with CAS9 protein and sgRNA(s). Different homology directed repair (HDR) constructs 

involving either ssDNA, linearized dsDNA, or circular plasmid DNA were used with 

varying success rates. All F0 mice were genotyped by a general Cre primer set and two 

pairs of knock-in specific primers that span the junction of a homology arm and the 

genomic DNA. PCR products produced with strain specific primers were cloned into the 

pCR Blunt II-TOPO vector (Zero Blunt™ TOPO™, Invitrogen) for sequencing.  

Mouse strains, husbandry, and experimental methods. Mice were handled in 

accordance with the guidelines of the Institutional Animal Care and Use Committee at 

UTSW. All experiments were done in an age and sex controlled fashion unless otherwise 

noted. Krt19-CreER (16), Axin2-CreER (33, 34), and Sox9-CreER (35) were obtained from 

Jackson Labs. Tamoxifen (Sigma-Aldrich) was dissolved in corn oil and subcutaneously 

(SC) injected into adult mice at doses indicated in Fig. S2B. Mice were maintained in the 

same pathogen free mouse facility under the same feeding, temperature, sterility 

conditions, which allowed us to compare results between tracing strains. All CreER mice 

were backcrossed onto the C57Bl6/J strain 2-3 times. The same sources of tamoxifen, CCl4, 

and DDC were used. 5-10 male and 5-10 female mice were used in all experiments. For 

CRISPR screening, Fah KO mice were originally obtained from Yecuris Lab and 

maintained on the C57Bl6/J strain background. Fah KO mice were provided 7.5 μg/mL 

nitisinone water (Yecuris). For AAV experiments, mice were retro-orbitally injected with 

either control AAV-TBG-GFP or AAV-TBG-Cre (5x108 genome copies per mouse for low 

dose lineage tracing and 5x1010 genome copies per mouse for whole liver deletion in the 

case of Ccnd1 floxed mice) at 6 months of age. For in vivo overexpression experiments, 

human Igfbp2 was cloned into the pT3-EF1a plasmid and injected via HDT into wild-type 

mice. 48 hours later, livers were harvested.   

Histology, immunohistochemistry, and immunofluorescence. For frozen sectioning, 

livers were fixed in 4% paraformaldehyde (PFA) then dehydrated in 30% sucrose in PBS. 

16 μm thick sections were cut and washed with PBST 3x and blocked in 5% BSA + 0.25% 

Triton X-100. GS antibody (Abcam ab49873) in blocking buffer was incubated overnight. 

For H&E staining, livers were fixed in 10% neutral buffered formalin then incubated in 

70% ethanol. Tissue was embedded, paraffin sectioned, and stained by the UTSW 

Histology Core. Immunohistochemistry was performed as previously described (36) with 

anti-CCND1 (Abcam ab16663), anti-IGFBP2 (Abcam ab188200) and anti-Ki-67 (Abcam 

ab15580). Whole slides were imaged using an Axioscan slide scanner and processed using 

Zen 2.6 software from Zeiss. To quantify the percent Tomato positive area, we used 

ImageJ. We first separated the composite RBG image (see the Arg1.2-CreER image below 



3 

as an example, panel A) into three channels: red (B), green (C) and blue (D). We first 

adjusted the threshold of the red channel to saturate all Tomato signals so that we could 

measure the percent of the image that was Tomato positive. In the below panel E, it is 

72.6%. We then adjusted the threshold of the green channel such that we could exclude 

empty spaces such as vascular lumens and regions of the image not covered by cells. This 

allowed us to obtain the percent of the image that was actually covered by liver tissues. In 

the below panel F, it is 93.29%. We then divided the Tomato positive area by the total area 

occupied by tissue and obtained the actual percent Tomato coverage (72.6%/93.3% = 

77.8%). 

Chemical injury experiments. CCl4 was injected IP at a dose of 2 μl/g of mouse weekly. 

DDC (Sigma-Aldrich) was integrated into LabDiet chow (#5015) at a 0.1% concentration. 

CCl4 and DDC were provided for 6 weeks starting 2 weeks after tamoxifen. 

Proliferation assays and quantification of zonal location. 10 days after tamoxifen, water 

containing 1 mg/ml EdU (Carbosynth, NE08701) was provided for 7-15 days depending 

on the experiment. EdU signal was detected in frozen sections using the Click-iT EDU 

Alexa Fluor 488 Imaging Kit (Life Technologies, C10337) following the manufacturer’s 

instructions. GS and a fluorescent secondary antibody (Thermo Fisher, A-21245) were 

used to mark CVs. Zonation of EdU positive nuclei were quantified as follows. The 

position index (P.I.) was determined by the distance to the closest CV (x), the distance to 

the closest PV (y), and the distance between the CV and PV (z), based on the law of cosines. 

P.I. = (x2 + z2 - y2)/(2z2). The same formula was used in Lin et al (4).  

Clone size and clone number quantification. We used cell numbers to define clone size. 

To quantify clone size, we lowered the threshold of the Tomato channel so that we could 

see clear cell boundaries. We used 8 representative images, each with an area of 1.61x106

μM2, from 4 representative mice (2 large images from one liver section per mouse) for each 

time point. We counted the total number of clones from the 8 representative images. 

Because the images were of equal area, the clone numbers can be compared to each other 

between time points.  

scRNA-seq data generation, processing, and clustering. Primary unsorted hepatocytes 

were isolated with a standard two-step collagenase perfusion method (37). Cells were 

washed and resuspended in hepatocyte washing medium (Life, 17704024). Flow cytometry 
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was used to quantify the frequency of Tomato positive cells, but the scRNA-seq was done 

on a separate batch of unsorted cells from the same livers. Single cell libraries were 

prepared using the 10x Genomics Chromium Single Cell 3’ Reagents Kit v3. For each 

sample, 8,000 hepatocytes were loaded to target ~5,000 cells after recovery according to 

the manufacturer's protocol. Single cell libraries were generated and sequenced using the 

150 bp paired-end Illumina NextSeq500 in the UT Southwestern Children’s Research 

Institute Sequencing Facility. 10x scRNA-seq data was preprocessed using Cellranger 

v3.0.2 software. We used the “mkfastq” and “count” commands to process the 10x single-

cell RNA-seq output into cells by gene expression count matrix, and used the “aggr” 

command to pool sequencing runs (https://github.com/10XGenomics/cellranger). All 

parameters were set to default except for the “force-cells” parameter, which was set to 

4000. A custom constructed hybrid transcriptome reference combining the mouse 

transcriptome mm10 and the Ai9 plasmid sequence (Addgene #22799) was used to enable 

simultaneous calling of endogenous mouse mRNA and tdTomato expression. scRNA-seq 

data analysis was performed with the scanpy (1.4.4) package in Python (38). Cell and gene 

filtering were performed as follows: genes expressed in less than 3 cells and cells with a 

very small library size (<100) were removed. Cells with a very high (>= 0.5) mitochondrial 

genome transcript ratio were removed. For downstream analysis, we transformed the gene 

counts into log(CPM+1) values, where the total library size in each cell was used to 

normalize each gene’s expression. After normalization, batch effects were removed using 

the Mutual Nearest Neighbor algorithm (39), and clustering was performed on batch effect 

normalized data using the Louvain clustering algorithm (40). Briefly, principal component 

analysis (PCA) was used to reduce the number of dimensions representing each cell 

(n_components = 50), then a weighted nearest neighbor graph was built from the PCA 

transformed data using the “pp.neighbors” function in the scanpy package. Finally, a 

partition of the graph that maximizes modularity was found with the Leiden algorithm (40), 

which is an improved version of the Louvain algorithm (41). We used the detection method 

using the “tl.leiden” function in the scanpy package. We excluded all ribosomal associated 

genes from the clustering analysis. The most highly expressed genes from each cluster were 

found using the “tl.rank_genes_groups” function in the scanpy package, which is based on 

the student’s T-test between target and reference cell populations.   

 

In vivo CRISPR screening. SgRNA sequences were obtained from either the Mouse 

GeCKO v2 library (Addgene #1000000052) or the Mouse Genome-wide CRISPRa-v2 

Library (Addgene #83996). These were synthesized by Genewiz as an oligoarray and then 

cloned into CRISPR KO or CRISPRa library plasmids described previously (25). 5 μg of 

either of these plasmids and 2 µg of SB100 (Addgene #34879) were resuspended in 0.9% 

NaCl solution to a final volume of 10% of mouse body weight, and hydrodynamically 

transfected (HDT) into 8-10 week old Fah KO mice through the tail vein. Nitisinone water 

was withdrawn immediately after HDT. One month later, livers were collected, snap frozen 

in liquid nitrogen, and made into a powder using a mortar and pestle. Half of the tissue was 

suspended in digestion buffer (100 mM NaCl, 10 mM Tris-Cl (pH 8.0), 25 mM EDTA (pH 

8.0), 0.5% SDS, and 0.1 mg/mL proteinase K) and digested overnight at 50°C. After 

digestion, 0.1% SDS and 1 ug/ml DNase-free Rnase was added and incubated for 1 hour 

at 37°C to remove residual RNA. Genomic DNA extraction of 1 mL of digested tissue was 

performed with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1), followed 

https://github.com/10XGenomics/cellranger
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by ethanol precipitation. The DNA concentration was determined with the Qubit dsDNA 

BR assay kit. PCR amplicon libraries for deep sequencing were made using methods from 

(42). The transposon library used for the HDT injection was sequenced as a control. The 

library was prepared to ensure 1000-fold coverage. All samples were sequenced on an 

Illumina HiSeq500 with 75 bp single-end reads. ~1-2 million reads were sequenced per 

library.  

 

To see if the screens could identify genes that are potentially necessary and sufficient for 

hepatocyte proliferation, we used looser criteria for identifying genes. Because in vivo 

screens have lower coverage for individual sgRNAs, we used less stringent criteria to 

nominate genes, then we use validation to confirm hits near the top of the screen list. For 

the CRISPR KO screen we used a p-value cutoff of < 0.15, which included Ahctf1 (p = 

0.001), Ccnd1 (p = 0.005), and Hamp2 (p = 0.054). For the CRISPRa screen we also used 

a p-value cutoff of < 0.15, which included Ahctf1 (p = 0.099), Ccnd1 (p = 0.118), and 

Hamp2 (p = 0.123). See Table S4 for details. Looser cutoffs allowed us to identify shared 

hits between both screens.  

 

Western Blot Analysis. Mouse liver tissues were ground and lysed in protein lysis buffer 

and Western blots were performed. Antibodies used: anti-CCND1 (Abcam ab16663 or 

CST #55506), anti-β-Actin (CST #4970), anti-S6K (CST #2708), anti-pS6K (CST #9205), 

anti-IGFBP2 (Abcam ab188200), anti-Rb (Abcam ab181616), anti-p-Rb (CST #9307), 

anti-Akt (CST #9272), anti-p-Akt (CST #4060), anti-4E-BP1 (CST #9452), anti-p-4E-BP1 

(CST #2855), anti-rabbit IgG, HRP-linked Antibody (CST #7074). 

 

Drug treatments. INK128 (LC Biochem) was formulated in 5% polyvinyl propylene, 15% 

NMP and 80% water was given by oral gavage at 1 mg/kg daily for 12 days. Palbociclib 

was dissolved in sodium lactate buffer (50 mmol/L, pH 4.0) and administrated by oral 

gavage at 150 mg/kg daily for 12 days.  

 

Statistical Analysis. The data in most panels reflect multiple experiments performed on 

different days using mice derived from different litters. Unless otherwise indicated in the 

figure legends, variation is always indicated using standard deviation presented as 

mean±SD. Unpaired Student’s t-tests were used to test the significance of differences 

between groups. Statistical significance is displayed as p<0.05 (*), p<0.01 (**), p<0.001 

(***). In all experiments, no mice were excluded from analysis after an experiment was 

initiated. Image analysis for the quantification was blinded. 
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Supplemental figures and captions 

Fig. S1.  
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Fig. S1. Cartoon of the liver lobule and construct designs for all CreER knock-in 

mouse strains generated for this paper.  

A. Cartoon of the liver lobule, which shows how zones are organized within a single 

lobule. Blood flows in the portal to the central direction.  

B-K. Schema for the HDR constructs for each strain. Each HDR construct contains 

an IRES-CreER-PolyA tail. Shown are the original genomic loci and CRISPR 

edited loci. The sizes of the homology arms are shown. Expected PCR bands for 

left and right integration sites are shown. CRISPR targeting strategies and 

genotyping primers used are contained in Table S1.  
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Fig. S2. 

Fig. S2. Tamoxifen induction of Tomato reporter labeling is consistent between 

individual mice.  

A. Tomato labeling within individual CreER mice was consistent for the same doses 

of tamoxifen.  

B. Table showing tamoxifen dosing regimens for each mouse line. 
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Fig. S3. 

Fig. S3. Tomato labeling shows no significant changes between 7, 14, and 21 days 

after tamoxifen. 

A. Representative images of Gls2-CreER showing Tomato labeling 7, 14, and 21 

days after tamoxifen administration. Quantification on the right. 

B. Representative images of Cyp1a2-CreER showing Tomato labeling 7, 14, and 21 

days after tamoxifen administration. Quantification on the right. 
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Fig. S4. 

Fig. S4. Oil alone experiments to determine CreER leakiness. 

A. 1 week after oil administration without tamoxifen, no Tomato staining was 

observed in these lines except for in GS-CreER mice. 

B. 1 year after oil administration without tamoxifen, no Tomato staining was 

observed in these lines except for in GS-CreER mice. 
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Fig. S5. 

Fig. S5. Hepatocyte size as a function of zonal position and time. 

A. Image showing a liver section IF stained with β-Catenin, GS, and DAPI. The 

cross-sectional areas occupied by individual hepatocytes were quantified in each 

zone. 

B. Dot plots representing individual cell areas as a function of zone and time. Average 

area ±SD is written under each dot cluster. 6 images from 3 mice were measured. 
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Fig. S6. 
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Fig. S6. Additional lineage tracing during 6 months of normal homeostasis. 

A. Over 6 months, the area labeled by Krt19-CreER was unchanged and remained 

within the biliary epithelial compartment. Note that there was no extension of 

Tomato labeling from the PV area into the lobule. Endogenous GS 

immunofluorescence is shown in green for all of the images in this figure. 

B. Over 6 months, the area labeled by Apoc4-CreER was unchanged and remained 

within the hepatocyte compartment. Note that there was no extension of Tomato 

labeling from the hepatocyte compartments into the bile duct (Arrowhead). 

C. Over 6 months, the area labeled by Pklr-CreER was unchanged and remained 

within the hepatocyte compartment. Note that there was no extension of Tomato 

labeling from the hepatocyte compartments into the bile duct (Arrowhead). 

D. Over 6 months, the area labeled by Oat-CreER increased in size from 46% to 

53% coverage.  

E. Over 6 months, the area labeled by Sox9-CreER was unchanged. At 6 months, 

there was still labeling of hepatocytes near the PV.   

F. Over 6 months, the area labeled by Axin2-CreER increased from 2% to 10% 

coverage. 
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Fig. S7. 

Fig. S7. EdU frequency as a function of zone, before and after normalization for 

zone size. When quantifying the number of proliferating cells in each zone, it is 

important to consider zone size. Here we used zone size as the denominator to normalize 

the number of proliferative cells based on lobular area. Based on area measurements for 

hexagons of different sizes, we have performed the normalization for all three zones. 

Even when we use this normalization, zone 2 still has the most proliferative cells. 

A. EdU positive cells in different zones without normalization by zone area.  

B. EdU positive cells in different zones with normalization by zone area. Error bars 

indicate standard error (SEM). 
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Fig. S8 
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Fig. S8. Clone size analysis of zone 2 hepatocytes labeled in Mup3-CreER mice and 

after AAV-TBG-Cre delivery.  

A. Mup3-CreER labeling at time 1 and 26 weeks. Endogenous GS 

immunofluorescence marks the CV region. Cartoon depicting pattern of Tomato 

labeling in Mup3-CreER livers over time (bottom right). 

B. Manual measurements of Mup3-CreER labeled Tomato positive cells as a function 

of position along the CV to PV axis. 

C. The percent area labeled by Mup3-CreER at 1 and 26 weeks after tamoxifen. 

D. Labeled clone size frequency in Mup3-CreER livers. Clone size increased modestly 

for most of the clones. 

E. Individual clone size distribution in Mup3-CreER livers.  

F. Manual measurements of CV to PV axis position for clones of >2 cells in Mup3-

CreER mice 26 weeks after tamoxifen. This shows that most clonal growth was 

concentrated in zone 2.  

G. Representative images of Tomato mice injected with a low dose of AAV-TBG-

Cre (100μl of 5x109 viral genomes/mL) and traced for 1 or 26 weeks. Endogenous 

GS immunofluorescence marks the CV region. 

H. The size distribution of Tomato positive clones at 1 and 26 weeks after AAV-

TBG-Cre administration. 

I. The spatial distribution of Tomato positive clones along the CV-PV axis 1 week 

after AAV-TBG-Cre administration. 100% of these clones were comprised of 1 or 

2 cells.  

J. The spatial distribution of Tomato positive clones that were larger than 2 cells 

along the CV-PV axis 1 week after AAV-TBG-Cre administration. This 

distribution includes only the clones that underwent growth. 

Error bars indicate SD except in S8B,F,I,J, where error bars indicate SEM. 
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Fig. S9. 

Fig. S9. Measurements of Tert-CreER labeled Tomato positive cells as a function of 

position along the CV to PV axis. Error bars here indicate SEM. 
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Fig. S10. 

Fig. S10. Lobular size change over time as measured by CV to PV distances. 
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Fig. S11. 

Fig. S11. Cellular contributions to regeneration after chronic periportal and 

centrilobular injuries. This data is associated with main Fig. 5.  

A. Gls2-CreER tracing after 6 weeks of DDC. Endogenous GS immunofluorescence 

marks the CV regions in all images of this figure. 

B. Arg1.1-CreER tracing after 6 weeks of DDC. 

C. Arg1.2-CreER tracing after 6 weeks of DDC 

D. Mup3-CreER tracing after 6 weeks of DDC. 

E. Cyp1a2-CreER tracing after 6 weeks of CCl4. 

F. Axin2-CreER tracing after 6 weeks of CCl4. 

G. Apoc4-CreER tracing after 6 weeks of CCl4.  

H. Krt19-CreER tracing after 6 weeks of CCl4. 
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Fig. S12. 
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Fig. S12. Characterization of zonal CreER mouse lines using scRNA-seq. 

A. Flow analysis showed that Tomato positive cells in Gls2-CreER, Cyp1a2-CreER 

and Hamp2- CreER mouse livers account for 41%, 49% and 2.9% of the total live 

cell population, respectively. Tomato negative cells in Gls2-CreER; Oat-CreER 

mouse livers, which include zone 2 hepatocytes that are not labelled, account for 

19.6% of total live cell population. Differences between fraction of cells labeled 

vs. image area quantifications could reflect differences in cell size. For example, 

hepatocytes are larger that biliary epithelia and blood cells, thus the same number 

of hepatocytes account for more area.   

B. scRNA-seq UMAP plot of all four individual livers combined. This shows distinct 

cellular populations as identified by unsupervised clustering in uninjured livers. 

Different zone-specific genes are enriched in corresponding clusters.   

C-F. scRNA-seq UMAP plots showing expression of Tomato and the endogenous 

genes in which CreER is knocked-in. The identity of the mouse is written above 

individual plots.  

G. Heatmap shows the distribution of the top zone-specific genes in individual 

hepatocytes from zone 1, 2, or 3. Expression data values associated with this 

figure panel can be found in Table S2, Sheet 1. 
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Fig. S13. 

Fig. S13. Bulk transcriptomics from sorted zonal populations. 

A. Bulk RNA-seq data from sorted zone-specific hepatocytes. Data was obtained 

from (24).  The most upregulated genes in the midlobular regions of the lobule are 

shown in this heatmap. Groups 1-8 refer to sorted populations across the CV-PV 

axis, with group 1 being the closest to the CV and group 8 being the closest to the 

PV. The expression data associated with this figure is contained in Table S3. 

B. The most downregulated genes in the midlobular regions of the lobule are shown 

in this heatmap. 
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Fig. S14. 

Fig. S14. Palbociclib administration leads to impaired zone 2 proliferation and 

overexpression of IGFBP2 causes mTOR pathway activation.  

A. 8 week old wild-type mice were treated with palbociclib, a CDK4/6-CCND1 

complex inhibitor (n = 3, 3 mice treated with vehicle or drug). Two days after 

palbociclib initiation, EdU water was provided for 10 days. Western blot analysis 

from harvested livers is shown.  

B. IHC showing CCND1 and Ki-67 along with IF showing EdU in livers of vehicle 

and palbociclib treated mice. Cell numbers for three image fields per mouse are 

quantified on the right.  

C. IHC showing IGFBP2 overexpression 48 hours after HDT injection of a 

transposon containing the Igfbp2 cDNA in wild-type livers (n = 3, 3 mice). 

D. AKT-mTOR pathway components assessed by western blot analysis. 
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Fig. S15. 

Fig. S15. Model for zone 2 hepatocyte repopulation during normal homeostasis and 

regeneration after injury. 
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Table S1.  

CRISPR knock-in mouse reagents and success rates.  

For all lines, we used CRISPR methodology to integrate an IRES cassette followed by 

CreER into the endogenous 3’UTRs of genes with zone specific expression patterns. This 

table contains two separate excel sheets. Sheet 1 contains the types of reagents used, the 

homology arm lengths, and microinjection results from the live pups delivered from the 

CRI Mouse Genome Engineering Core. “CreER positive” refers to the number of 

randomly integrated mice and correctly knocked-in mice. Sheet 2 shows the primer 

sequences used to genotype knock-in integration sites. These primers were used to 

determine the presence of the CreER and to distinguish between distinct CreER 

integrations. For all genotyping, both L and R primer pairs are used to confirm the correct 

CreER strain. See Fig. S1B-K for the appearance of genotyping bands on DNA gels.  

 

Table S2. 

Differentially expressed genes from liver scRNA-seq analysis.  

Sheet 1: The most differentially expressed genes in each of the three zones, z-score data 

associated with Fig. S12G.  

Sheet 2: Differentially expressed genes in zone 1 compared to all hepatocytes. 

Sheet 3: Differentially expressed genes in zone 2 compared to all hepatocytes. 

Sheet 4: Differentially expressed genes in zone 3 compared to all hepatocytes. 

Sheet 5: Differentially expressed genes in Hamp2 expressing hepatocytes vs. all 

hepatocytes. 

Sheet 6: Differentially expressed genes in GS expressing hepatocytes vs. all hepatocytes. 

Sheet 7: Differentially expressed genes in Sox9 expressing hepatocytes vs. all 

hepatocytes. 

 

Table S3. 

Bulk RNA-seq data from sorted zonal populations in the liver.  

This data was obtained from (24). Groups 1-8 in these excel spreadsheets refer to sorted 

populations across the CV-PV axis, with group 1 being the closest to the CV and group 8 

being the closest to the PV. The expression heatmaps are shown in Fig. S13. 176 of these 

216 genes that have associated CRISPR KO and CRISPRa sgRNAs were included in the 

in vivo CRISPR screens.  

Sheet 1: 113 upregulated genes within zone 2 as compared to zones 1 and 3.  

Sheet 2: 103 downregulated genes within zone 2 as compared to zones 1 and 3.  

 

Table S4. 

In vivo CRISPR screening data.  

Sheet 1: CRISPR KO sgRNAs for 176 genes and controls were extracted from the Mouse 

CRISPR Knockout Pooled Library (GeCKO v2) (Addgene #1000000052).  

Sheet 2: Results for the CRISPR KO screen. 

Sheet 3: CRISPRa sgRNAs for 175 genes and controls were extracted from the Mouse 

Genome-wide CRISPRa-v2 Library (Addgene #83996).  

Sheet 4: Results for the CRISPRa screen. 

Sheet 5: Genes that are overlapping in the screens. For both screens we used a p-value 

cutoff of < 0.15 to select genes of interest.  
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