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DEN diethylnitrosamine

EdU 5-ethynyl-2′-deoxyuridine

ESCC esophageal squamous cell carcinoma

HCC hepatocellular carcinoma

HUVEC human umbilical vascular endothelial cells

MCM mini-chromosome maintenance

ORC origin recognition complex subunit 1

ORI origins of replication

PHx partial hepatectomy

PMA phorbol 12-myristate 13-acetate

RPA replication binding protein A

sh short hairpin

Abstract

The LIM-domain protein Ajuba is associated with cell proliferation, a fundamental process of 

tissue regeneration and cancer. We report that in the liver, Ajuba expression is increased during 

regeneration and in tumor cells and tissues. Knockout of Ajuba using CRISPR/Cas9 is embryonic 

lethal in mice. shRNA targeting of Ajuba reduces cell proliferation, delays cell entry into S-phase, 

reduces cell survival and tumor growth in vivo, and increases expression of the DNA damage 

marker γH2AX. Ajuba binding partners include proteins involved in DNA replication and damage, 

such as SKP2, MCM2, MCM7 and RPA70. Taken together, our data support that Ajuba promotes 

liver cell proliferation associated with development, regeneration, and tumor growth and is 

involved in DNA replication and damage repair.
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Introduction

Cell proliferation is the fundamental process needed for cell renewal, wound repair and tissue 

regeneration and is dependent on the tightly controlled process of DNA replication1,2. However, 

cell proliferation is increased in malignant cells with the difference between healthy and tumor 

cell proliferation being the loss of control in malignant cells over the process3,4. DNA replication 

begins at origins of replication (ORI) located throughout the genome and ORI licensing occurs 

during S-phase of cell cycle when the pre-replication complex is assembled5. The pre-replication 

complex is formed by proteins such as origin recognition complex subunit 1 (ORC), mini-

chromosome maintenance (MCM2-7) and cell division cycle 6 (CDC6).

Ajuba is a LIM domain protein described as an adaptor protein by linking and modulating different 

members of functional complexes6. Ajuba contains a nuclear export sequence, enabling it to 

translocate from the cytoplasm to the nucleus and 3 tandem LIM motifs in its C terminus7-10. Ajuba 

is a versatile scaffold protein associated with numerous protein complexes and among the best 

characterized function of Ajuba is its role in stabilizing cell-cell junctions by direct binding to F-and 

α-tubulin11,12. 

Ajuba has been described to be involved in several proliferation pathways such as the Hippo and 

Wnt signaling pathways and in the ATR-mediated DNA damage response pathway13,14,15. It has also 

been found to be dysregulated in cancer13,16,17,18. Ajuba was found to be significantly upregulated 

in colorectal cancer, esophageal squamous cell carcinoma and cervical cancer17,19,20,21. However, 

its reported function in cancer is contradictory. There are which describe Ajuba as a driver of 

tumor cell proliferation19-26, whereas in others, it is described as a tumor suppressor and an 

inhibitor of proliferation27-29. Additionally, Ajuba was found to be mutated in cutaneous and 

esophageal squamous cell carcinoma (ESCC)16-18,25,30. Non-silent Ajuba mutations were found in 

3.9% of a 490 ESCC tumor cohort. Tumors with mutations in Ajuba had lower Ajuba expression 

and significantly better patient survival when compared to tumor samples with non-mutated 

Ajuba expression30.

Thus far, the role of Ajuba in liver cancer has been investigate in three publications resulting in 

contradictory conclusions. Two reports describe Ajuba as a driver of hepatocellular carcinoma 

(HCC) cell proliferation6,31, whereas one paper describes Ajuba as a tumor suppressor and inhibitor 

of cell growth in HCC28. We were therefore convinced that elucidating the role and mechanism of A
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how Ajuba is involved in proliferation in the liver in both healthy and regenerating cells and in liver 

tumor cells is crucial. Therefore, in this study we investigated the role of Ajuba in HCC and in 

regenerating liver tissue, focusing on its role in cell proliferation. 

Results

2.1 Ajuba expression coincides with cell proliferation in normal and malignant liver cells

 

We first questioned if Ajuba expression is increased when cells transition from a quiescent to a 

proliferative state using the well-established model of partial hepatectomy (PHx)1. Following PHx, 

liver cells are synchronized to enter cell cycle and replicate to replace the lost tissue. Ajuba mRNA 

increased 24 to 48h following PHx (Figure 1A). Ajuba protein expression increased and coincided 

with hepatocyte proliferation32 occurring 48 to 72 hours post PHx (Supplementary Figure 1). Next, 

we induced regenerative proliferation by damaging the liver with carbon tetrachloride (CCl4) and 

diethylnitrosamine (DEN)33, 34 and Ajuba mRNA was significantly increased in the damaged liver 

tissues (Figure 1B). Ajuba mRNA and protein expression were higher in proliferating malignant 

liver cancer cell lines when compared to non-proliferating hepatocytes in culture (Figure 1C and 

Supplementary Figure 2). We next questioned if Ajuba expression is modulated when cells 

transition from a proliferative to a differentiated or a cell cycle arrested state. The monocyte cell 

line U937 was differentiated to mature macrophage-like cells with phorbol 12-myristate 13-

acetate (PMA)35,36 or treated with nocodazole to arrest cell growth in the G2 phase of cell 

cycle27,37. Both conditions blocking cell proliferation resulted in significantly lower Ajuba mRNA 

levels (Supplementary Figure 3). We next used lentiviral transduction of an Ajuba expression 

construct to demonstrate that Ajuba overexpressed in Huh7 HCC cells leads to an increase in 

proliferation compared to the parental and shScrambled controls (Figure 1D). In human livers 

samples containing HCC tumors, we dissected tumor and adjacent non-tumor tissues and 

measured an increased expression of Ajuba mRNA compared to normal hepatocytes (Figure 1E). 

Also, Ajuba mRNA was highly expressed in human HCC organoids, which were actively proliferating 

as shown by immunofluorescence of positive 5-ethynyl-2′-deoxyuridine (EdU) incorporation38 

(Figure 1E and Supplementary Figure 4). Furthermore, we consulted The Cancer Genome Atlas39 A
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and plotted Kaplan Meyer curves to determine HCC patient survival with high vs. low Ajuba 

expression. High expression of Ajuba correlated with a decrease in HCC patient survival (Figure 

1F). Taken together, our data demonstrates that Ajuba expression coincides with cell proliferation 

in both normal and malignant liver tissues and high tumor expression of Ajuba is correlated with 

decreased HCC patient survival.

2.2 Loss of Ajuba expression leads to decreased cell proliferation.

Based on our observations that proliferating cells were associated with increased Ajuba 

expression, we wanted to investigate if Ajuba was necessary for cell proliferation, particularly in 

physiological processes like liver regeneration and hepatocarcinogenesis. Therefore, we 

attempted to generate an Ajuba KO mouse line using CRISPR/CAS9 and pronuclear injection 

(Supplementary Figure 5a-d). However, following extensive breeding and genotyping, we were 

unable to generate a homozygous Ajuba KO mouse line (Figure 2A, n=400). We performed timed 

matings and in vitro fertilization to genotype embryos and blastocysts respectively. After again 

only obtaining WT and heterozygous KO mice, we concluded that the homozygous Ajuba KO mice 

were embryonically lethal (Supplementary Figure 5e-f). This result was supported by our parallel 

observation that full loss of Ajuba using CRISPR/Cas9 KO in the RIL-175 mouse HCC cell line lead to 

non-proliferating and non-viable clones40. Failing to generate a knock-out mouse or cell lines, we 

switched to study loss of Ajuba expression using lentiviral transduction of short hairpin (sh)RNAs. 

We modulated Ajuba expression in the human Huh7 cells using 2 lentiviral constructs targeting a 

coding (shAjuba1) and non-coding (shAjuba2) region of Ajuba. We observed a significant decrease 

of Ajuba mRNA and protein compared to the shScrambled control (Figure 2B and Supplementary 

Figure 6). We next performed several biological assays in vitro and in vivo. Using an MTT assay to 

assess cell proliferation, we observed that proliferation was significantly decreased in Huh7 cells 

with knocked down Ajuba expression (Figure 2C). Moreover, Huh7 cells with loss of Ajuba 

expression had a significantly decreased ability for colony formation (Figure 2D). The loss of cell 

growth in vitro was also confirmed in vivo using the syngeneic tumor model, RIL-175 mouse HCC 

cells in C57Bl/6 mice. After 11 days, tumor volumes were significantly decreased in cells 

transduced with the shRNA targeting the coding region of Ajuba (shAjuba1) and a trend of smaller A
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tumors was observed in shAjuba2 shRNA targeting the non-coding region (Figure 2E and 

Supplementary Figure 7). To give further evidence of the biological importance of Ajuba in normal 

cells, we assessed the impact of loss of Ajuba expression in human umbilical vascular endothelial 

cells (HUVEC). In a tube formation assay41, loss of Ajuba expression decreased total vessel length 

thereby suggesting its importance in the process of angiogenesis (Figure 2F). Taken together our 

data indicate that Ajuba is necessary for proliferation in liver tumor cells, in normal endothelial 

cells and for embryonic development.

2.3 Ajuba has a nuclear localization in proliferating cells and involved in DNA replication

Supporting a role of Ajuba in proliferation, we could demonstrate by immunohistochemistry the 

nuclear localization of Ajuba in proliferating HCC tumor and regenerating liver tissues (Figure 3A). 

The effect of altered Ajuba expression on DNA replication and S-phase entry was monitored over a 

24-hour period. Ajuba KD, OE and control cell lines were synchronized using thymidine, a DNA 

synthesis inhibitor that arrests cell cycle at the G1/S boundary42,43. The arrested cells were then 

released with complete medium containing 25uM EdU to label the cells entering cell cycle44. Ajuba 

KD cell lines had a significant decreased EdU incorporation and a delay in S-phase entry (Figure 

3B). Delayed S-phase entry is shown by the altered slope of shAjuba1 looking at the y-intercept/2 

of the linear regression. The Ajuba overexpressing (OE) cell line, however, showed the highest 

percentage of EdU incorporation and seem to be the quickest cells to start DNA replication. We 

next investigated how Ajuba may be involved in proliferation by checking the expression of genes 

known to be involved in the regulation of cell cycle using the RT2 Qiagen microarray composed of 

cell cycle genes in liver cancer cell line Huh7. In both cell lines with loss of Ajuba expression, we 

observed reduced expression of genes associated with the initiation of DNA replication, such as S-

phase kinase associated protein 2 (SKP2), MCM2 and MCM3, E2F transcription factor 4 (E2F4) and 

CDC6 genes (Figure 3C).

2.4 Ajuba is associated with DNA replication genes
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To further understand the mechanistic role of Ajuba in proliferation, we next sought to identify 

interacting protein partners of Ajuba. We used an Ajuba OE cell line with an HA-tag present in the 

construct to pull down the Ajuba protein followed by mass spectrometry to identify the proteins 

binding to Ajuba (Figure 4A). The Ajuba scrambled control plasmid, containing a scrambled 

sequence and no HA-tag, was used to account for unspecific binding. We identified 1072 proteins 

of which 165 proteins were detected uniquely in the Ajuba OE samples (Class I) and 673 proteins 

that were higher expressed in Ajuba OE compared to the control (log 2-fold change) (Figure 4B 

and 4C). Supplementary Figure 8A displays a string analysis of proteins detected by mass 

spectrometry that were uniquely or preferentially present in Ajuba OE samples. Several of 

previously known interaction partners of Ajuba as listed on BioGRIND45, such as large tumor 

suppressor kinase 1 (LATS1), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein zeta (YWHAZ) and aurora kinase B (AURKB), as well as new potential interaction partners 

were found. Using the proteins displayed in Supplementary Figure 8B, a Metascape pathway 

enrichment analysis was performed and among those identified, several pathways in which Ajuba 

is known to be involved, such as the Hippo pathway, apoptosis and tight junctions, were 

present7,10,12,23,46. Additionally, we found potential binding partners of Ajuba to be involved in cell 

cycle regulation, G2/M checkpoint, Chk1 mediated inactivation of cyclin B and response to DNA 

damage (Figure 4D). We also detected the presence of several proteins involved in translation 

initiation, RNA splicing and stability as well as transport. Interestingly potential binding partners 

were found in various cellular compartments such as the cell-cell junctions, cytoplasm, nuclear as 

well as mitochondrion and ribosome (Supplementary Figure 9). Looking at the pathway 

enrichment of Class I and Class II separately, proteins involved in protein localization to nucleus 

and synthesis of DNA and DNA translation pathways as well as S-phase and cell cycle checkpoints 

and Chk1/Chk2 mediated response were present (Supplementary Figure 10). To validate our 

findings that Ajuba has a direct interaction with proteins involved in cell cycle, DNA replication and 

DNA damage we performed immunoprecipitation experiment and could demonstrate that Ajuba 

binding partner include replication binding protein A (RPA) subunit 70 (RPA70), SKP2, MCM2, 

MCM7 (Figure 4E).

2.5 Ajuba depletion leads to increased DNA damage expression A
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As several potential interaction partners of Ajuba were found to be involved in pathways involved 

in the DNA damage response, we questioned if defects in proliferation are due to an increase of 

DNA damage with a loss of Ajuba expression. We observed an increase of DNA damage in cells 

with loss of Ajuba expression already at the steady state level as shown by the increase of the DNA 

damage marker γH2AX by immunocytochemistry (Figure 5A), by FACS (Figure 5B) and by 

immunoblot (Figure 5C). Coinciding with γH2AX, we detected an increase of RPA70 which binds to 

single stranded DNA and sites of DNA damage47,48 (Figure 5D). The loss of Ajuba also resulted in 

the cells being significantly more sensitive to DNA damage induced by irradiation (Figure 5E). 

Sensitivity to irradiation was tested by irradiating the cell lines at different dosages ranging from 0-

6 Gray and measuring recovery by colony formation to determine the percentage of survival 

(Supplementary Figure 11). Lastly, we tested the efficiency of DNA damage repair and compared 

the percentage of DNA repair occurring between two timepoints, 2h and 4h post irradiation. The 

scrambled control cells showed the highest percentage of DNA damage repair whereas both cell 

line with loss of Ajuba expression displayed a lower of DNA damage repair from 2h to 4h post 

irradiation (Figure 6F and Supplementary Figure 12A).

Discussion

In previous publications, Ajuba has been linked to proliferation however, its role was unclear as it 

was described as both a driver19-26 and inhibitor of cell proliferation27-29. In our study, we provide 

convincing evidence that particularly in liver cells, Ajuba is important in proliferation in both 

malignant and normal cells and tissues. We found Ajuba to be significantly increased in actively 

proliferating normal and malignant liver cells and tissues. It was significantly upregulated in 

hepatocyte compensatory proliferation in models of PHx and during damage repair response 

following damage due to toxin exposure. Ajuba was also found to be significantly more expressed 

in proliferating liver cancer cells, as well as in human HCC tumors and HCC organoids. Moreover, 

when monocytic cells switch from a proliferative to a differentiated state, Ajuba expression was 

reduced. Previous data from our lab demonstrated that knock out of Ajuba using CRISPR/Cas9 A
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resulted in non-viable HCC cell lines40. This observation, together with the embryonic lethality of 

CRISPR/Cas9 KO animals has also been supported by Loganathan et al.49, and that Ajuba 

expression was found during embryogenesis in all embryonic germ layers and within fetal 

components of the developing placenta50,51. However, these findings contradict the report in 

which Ajuba KO mice were reported to have a mild phenotype52.

Since CRISPR/Cas9 KO of Ajuba led to non-viable clones, we chose to study Ajuba function using 

lentiviral transduction of shRNAs to knock down its expression. With loss of Ajuba expression, we 

observed that the proliferation rate of HCC tumor cells was decreased in vitro, and syngeneic 

tumors had smaller volumes in vivo. With publicly available data from The Cancer Genome Atlas, 

we found a correlation of high Ajuba expression with poor HCC patient survival, which support the 

data of Zhang et al., showing that Ajuba expression is related to a more aggressive malignancy and 

adverse clinical outcome6. 

We found that cells with loss of Ajuba expression have lower levels of SKP2, MCM2, MCM3, E2F4 

and CDC6, all genes involved in the initiation of DNA replication. To provide further evidence that 

Ajuba could be involved directly in the DNA replication complexes, we identified direct interaction 

partners by MS and co-IP using an Ajuba OE cell line. We identified several potential binding 

partners of Ajuba were found to be involved in DNA replication and cell cycle control and 

checkpoints, all pathways with proteins localized in the nucleus. We could confirm that Ajuba is 

indeed expressed in the nuclear compartment proliferating cells and tissues53,7 which is also 

supported by studies showing that Ajuba can be translocated between the cytoplasm and the 

nucleus10.

Several of the genes found to be differentially expressed after Ajuba KD as well as proteins 

identified as potential interaction partners of Ajuba seemed to be involved in DNA replication and 

more precisely to the pre-replication complex. We therefore decided to take a closer look at the 

very beginning of DNA replication during the S-phase of cell cycle by assessing if the S-phase entry 

of the cells with loss of Ajuba expression is affected. We found Ajuba KD cells to have not only a 

less efficient DNA replication as shown by the decreased percentages of cells being positive for 

EdU but also a delay of S-phase entry. This could be because the Ajuba depleted cells had less A
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SKP2, MCM2, MCM3 and CDC6 and therefore had problems efficiently licensing the ORI leading to 

less efficient DNA replication. A reduction of some MCM proteins in human cancer cells causes a 

rapid increase in the level of DNA damage under normal conditions of cell proliferation and a loss 

of viability when the cells are subjected to replication interference54. Our Data shows that with 

decreased Ajuba expression we also have a decrease in proliferation as well as decreased levels of 

MCM proteins. We therefore investigated if loss of Ajuba leads to an increase of DNA damage. 

In the pathway enrichment analysis of potential Ajuba binding partners, cell cycle checkpoints, 

response to DNA damage and Chk1 mediated responses were among the pathways that were 

found. Additionally, γH2AX as a measure of DNA damage was observed in Ajuba depleted cells 

indicating that there was an increase in the baseline levels of DNA damage. Moreover, the 

increased expression of RPA70 which binds to ssDNA and sites of DNA damage binding48,47,55 gave 

us a further indication of Ajuba being involved in DNA replication and damage. Supporting our 

data, Fowler et al. and Kalan et al. described RPA70 as a direct interaction partner of Ajuba and 

that Ajuba binding to RPA70 inhibits induction of ATR15,56. In addition to Ajuba KD cell lines 

expressing increased levels of γH2AX, they were more sensitive and appeared less able to initiate 

the DNA repair program in response to irradiation-induce DNA damage. Furthermore, we found 

Ajuba depleted cells to also express more p-Chk1 which is occurring in presence of DNA damage 

and leads to cell cycle arrest57.

In summary, our study provides evidence that Ajuba supports liver cell proliferation associated 

with development, regeneration, and tumor growth, which may be attributed to its association 

with DNA replication and repair proteins.
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The data that support the findings of this study are available in Tables 1 & 2.
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Materials and Methods

Partial hepatectomy model

Mice underwent a standard hepatectomy resecting two thirds of the liver according to previously 

described protocol32. The mice used in this study were 6- to 8-week- (~20 g) female 

C57BL/6JRccHsd provided by Harlan, the Netherlands. Animals were kept in a 

temperature-controlled room with a 12-h dark/light cycle. Experiments were done with 

Institutional Animal Care and Use Committee approval and in strict accord with good animal 

practice as defined by the Office of Laboratory Animal Welfare. Littermates were randomly 

assigned to control sham or partial hepatectomy groups. For analgesia, 0.05 mg/kg buprenorphine 

(Temgesic, Indivior Schweiz AG, Swissmedic Cat. No. 41931) was injected subcutaneously prior to 

surgery. During surgery, which lasted 20-25 minutes, mice were anesthetized by isoflurane 

inhalation. The mice were immobilized in a supine position and the liver exposed by transverse 

laparotomy. Following laparotomy, Vicryl 4.0 suture (Ethicon, VCP496) was used to ligate the left 

and median liver lobes. The ligated liver lobes were then resected using surgical scissors. The 

peritoneal cavity was irrigated with saline solution and the abdomen closed using a two-layer 

running suture. Liver tissue from sham operated mice were used as non-regenerating control. In 

sham-operated mice, a laparotomy was performed, the liver was manipulated with a 

cotton-coated stick, irrigated with saline solution, and the abdomen was sutured closed. After PHx 

livers were allowed to regenerate for various time points up to 7 days. At experimental endpoints, 

mice were anesthetized by isoflurane inhalation. Blood was collected via the vena cava and 

centrifuged for serum. Mice were sacrificed by exsanguination. Liver was carefully excised, and 

tissues were cut in 3 × 3 mm pieces, frozen in liquid nitrogen and stored at −80°C or fixed in 4% 

formalin overnight at room temperature.

In vivo CCl4 and DEN liver injury models

C57BL/6 mice were treated for 14 weeks with carbon thetracloride (CCl4) in order to induce 

hepatotoxicity and fibrosis development33,58. CCl4 was injected intraperitoneally twice a week 

using 0.5 ul/g of 20% CCl4 diluted in olive oil. Control mice were injected with the same volume of 

olive oil. Diethylnitrosamine (DEN) injection was used to induce an acute phase hepatotoxicity and A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

provoke compensatory regeneration. DEN was injected intraperitoneally at a concentration of 

(100mg/kg) and liver tissue was harvested 24h post DEN injection. 

Cell lines and primary human endothelial and hepatocyte cultures

All human liver cancer cell lines were purchased from American Type Culture Collection (ATCC 

(Huh7, HepG2, Hep3B, skHep1, C3A, PLC/PRF/5, SNU-387, SNU-423, SNU-449, SNU476. HLE, HLF)) 

and cultured either in Dulbecco’s Modified Eagle’s or RPMI medium 1640 (Life Technology) with 

10% of FBS, 100 U/mL Penicillin and 100 μg/mL Streptomycin (Life Technology). Note that skHep1 

is of endothelial origin as reported by several publications and should be considered with 

care59,60,61. Only Huh7 cell line was cultured in RPMI medium GluatMax with 10% FBS, 100 μg/mL 

Penicillin/streptomycin (Life Technology). All lines have been tested and are negative for 

mycoplasma contamination using PCR Mycoplasma Test Kit (Promokine). Primary human 

endothelial cells (HUVEC) were isolated from umbilical cord and cultured in MCDB 131 medium 

with 5% of FBS, 10 ng/mL of HEGF (Sigma-Aldrich), 1 ng/mL of hydrocortisone (Sigma-Aldrich) and 

antibiotics. 

Primary human hepatocytes were isolated from consented patients at the University Hospital of 

Bern undergoing surgical liver resection. Informed consent was obtained prior to surgery in 

compliance with the local ethics regulations and under approval of local ethics commission. 

Hepatocytes were cultured according to an established standard procedure62and seeded on 

collagen-coated plastic dishes prior to culture in Dulbecco`s minimum essential medium (DMEM) 

supplemented with 10% fetal bovine serum, 50 U/mL penicillin, 50 μg/mL streptomycin, and 1 

μmol/L dexamethasone. After overnight culture, the medium was replaced by serum-free Williams 

E medium®glutaMax™.

Monocyte differentiation using PMA

Human monocyte cell line U-937was purchased form American Type Culture Collection (ATCC) 

and cultured in RPMI-1640 Medium. U-937 differentiation was induced using PMA as previously 

described in literature35,36. U-937 cells were treated for 3 days with PMA, Nocodazole, DMSO or 

left untreated. PMA (160nM dissolved in DMSO) to induce differentiation into less proliferative 

Macrophages. Nocodazole treatment (100ng/ml dissolved in DMSO) was used as a positive control A
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for growth arrest and DMSO only as a solvent control. Bright-field microscopy was used to take 

pictures at day 1 and day 3 after the treatments to show differences in cell number and cell 

morphology (differentiation status). After 3 days cells were harvested, and RNA extracted using 

Triazol (Thermo fisher) and further processed for qPCR analysis to detect Ajuba mRNA levels. 

Ajuba overexpression using lentiviral transduction

Liver cancer cell line Huh7 was transduced with a lentiviral Ajuba expressing construct as 

previously described40. The Ajuba plasmid was purchased from Harvard 

PlasmID:Phage_CMV_C_FLAG_HA_IRES_PURO

All experiments were carried out on cells at 25-50% confluence and the efficiency of the 

transduction was assessed by real-time qRCR and immunoblot.

Cell Proliferation assay (MTT assay)

Cells were seeded in a 96-well plate at a density of 2’000 cells per well in 200 μL of medium. Cells 

were incubated for 6 hours to adhere to the plate. Every day at the same time, MTT (5mg of 

thiazolyl blue dissolved in 5 ml DMEM) was added in one tenth of the culture volume (20 μL for 

200um plated) in each well (4 wells per time point and condition) and incubated for 1h. Then the 

medium was discarded and replaced by 200 μL of DMSO. Using the Tecan Infinite 2000, the plate 

was shaken and read at an absorbance of 570 nm. 

HCC patient-derived organoids cultures:

Human HCC tumor tissues were obtained from consented patients at the University Hospital of 

Bern undergoing surgical liver resection. Informed consent was obtained prior to surgery in 

compliance with the local ethics regulations and under approval of local ethics commission. HCC 

tissue as well as adjacent to HCC tissue were used for qPCR analysis. We used resected tissues 

sampled form HCC patient and sampled resected tissue from outside from the tumor margin as 

non-malignant control. Tumor tissue was mechanically disrupted and enzymatically digested to 

obtain 3D organoids culture as previously described63. Briefly, tumors were collected in basis 

medium and mechanically disrupted then dissociated using collagenase type II enzyme mix. Tumor 

was digested for 1h at 37°C mixing the samples every 20 min. Then the samples were filtered A
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(100um) and erythrocytes lysed using EC lysis buffer. Finally, single cell suspension was achieved 

using incubation in Accutase. The single cell suspension was then filtered again (40um) and re-

suspended in Matrigel. Drops of Matrigel and single cell suspension were added in a 24-well plate 

and dried for 30 min at 37°C. Finally, special supplemented medium was added to the Matrigel 

drops and organoids left several days to from HCC organoids. Human organoids were kept in 

culture up to several weeks at 37 °C in a humidified incubator with 5% of CO2. 

Public data acquisition

On the 04.09.2021, HCC RNA-seq expression (counts) and survival data of liver cancer was 

downloaded from The Cancer Genome Atlas39.

Survival analysis

The survival curves were calculated with the R function survfit from the R package survival64 with 

the formula Surv(time,vitalstatus)~categorie and plotted with the R function ggkm from the R 

package ggkm65. The samples labeled as “primary tumor” were included. The data was separated 

in high expression (top 20%) and low expression (bottom 80%). Using interactive tools on publicly 

available data visualization tools such as the Human Protein Atlas the effect of different cutoff 

threshold can also be tested. 2 samples were discarded due to missing information.

Generation of Ajuba KO mice

Ajuba KO mice were generated using clustered regularly interspaced short palindromic repeats 

(CRISPR/Cas9) technique and subsequent pronuclear injection. All animal experiments were 

performed according to the regulations drafted by the Association for Assessment and 

Accreditation of Laboratory Animal Care. Ajuba KO mice were created in collaboration with the 

Theodore Kocher institute Bern (TKI). Recombinant Cas9 nuclease, tracrRNA, crRNA and nuclease-

free duplex buffer were purchased from IDT. We used two gRNA targeting mouse Ajuba gene 

creating a 693 kDa deletion in Exon 1. Ajuba mouse protein contains 8 exons and no alternative 

splice variants. Target sites corresponding to the targeting sgRNA were predicted by the web-

based tool (http://crispr.mit.edu). Predicted cleavage sites and considered them as a potential off 

target event. The specifically designed CRISPR/Cas9 riboprotein complex was microinjected into A
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wild-type zygotes (C57BL/6J) as described by Aida et al.66. In short, crRNAs were mixed separately 

with the tracrRNA and incubated at 95°C for 2 minutes, the tubes were let to cool down at room 

temperature for at least 15 minutes. Shortly before injection the crRNA-tracrRNA duplexes were 

mixed with EmbryoMax buffer at room temperature. Finally, the Cas9 protein was added and 

mixed with the riboprotein complex at 37°C for 20 minutes before being centrifuged at 18’000g 

for 10minutes at 4°C. The CRISPR/Cas9 riboprotein complex was then microinjected into the male 

pronucleus of previously fertilized and isolated oocytes. Fertilized oocytes were obtained from 

superovulating young (4-6 week old). After overnight incubation at 37°C, the oocytes that 

successfully developed into two cell stage zygotes were transferred into the oviductal ampullae of 

pseudo-pregnant females using standard protocols (10-15 zygotes per oviduct). We have 

conducted two separate rounds of pronuclear injections. First round we transferred 90+ 2-cell 

embryos were transplanted into 6 recipient mice of which 8 pups were born. 5 of these 8 mice 

survived and were further analyzed. The second series of injections yielded 56 2-cell stage 

embryos, which were transferred to 4 mice and of which 2 mice survived. The resulting founder 

mice were genotyped by PCR. Founders were backcrossed with C57BL/6J and mutated alleles in F1 

mice were identified by DNA sequencing (Supplementary Figure 5). F1 mice with identical 

mutations were intercrossed to generate Ajuba KO -/- mice. F2 progeny of 2 distinct Ajuba 

founder lines were genotyped and used to calculate the generated mendelian ratio of WT, 

heterozygous and homozygous mice (Supplementary figure 5). All the generated mice were 

genotyped using ear biopsies and our previously designed primers. Primers were designed using 

the web tool from National Center for Biotechnology Information (NIH) Primer-BLAST tool for 

specific primer design67. Primer Nr1 was designed to differentiate the genotype of the mice 

according of the total length of the PCR product. Looking at the total length we could also assess 

the size of the deletion and using sanger sequencing of the DNA extracted from the PCR products 

loaded on the agar gel (WT expected size=1400 and KO=700). Analysis of the sequencing was 

performed using GeneCoder and CodonCode aligner. The sequencing results were used to design 

specific and unique primers for the different founder lines, targeting the newly created sequence 

at the deleted regions. Finally, we designed additional WT primers targeting a region found to be 

deleted in all founder lines, to verify again the presence of the WT band in all the genotyped mice. 

Alt-R CRISPR-Cas9 TracrRNA; Alt-R S.p Cas9 hifi nuclease 3NLS (in glycerol); Alt-R CRISPR-Cas9 A
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crRNA 1 (Cas9.Ajuba.1 sequence: CCCGGACGACACTCGGTTAC /PAM=AGG); Alt-R CRISPR-Cas9 

crRNA 2 (Cas9.Ajuba.2 sequence: TGGGCTACGACCAGCGCCAC /PAM=GGG); EmbryoMax buffer 

(Millipore).

PCR-genotyping protocol:

The biopsies were collected from all mice and lysed using direct PCR (Viagen Biotech) following 

manufacturers protocol. Shortly, 200ul of lysis buffer mixed with 10% proteinase K (Qiagen) was 

added to the biopsies and incubated at 55°C on a shaker overnight. The next day, proteinase K is 

inactivated for 20 min at 95°C. GoTaq 2X PCR master mix (Promega) was used with the genotyping 

primer pairs. All PCR conditions were as follows: 95°C, 2min; [95°C, 30sec; 58°C, 30sec; 72°C, 

45sec] x 32; 72°C, 5min; 4°C forever. PCR products were run on 3% Agarose gels in 1X TAE buffer. 

After genotyping, the gel bands were cut out and DNA isolated and send for sequencing 

(Microsynth AG) to determine the exact sequence of the mutation. To assess if the homozygous 

and heterozygous mice were following the expected mendelian ratios for monohybrid cross 1:2:1 

(25% WT, 50% Heterozygous and 25% Homozygous KO), we performed chi-square goodness of fit 

test. We therefore use the R function chisq.test, comparing the actual and expected nr of 

genotyped mice.

Lentiviral transduction

Liver cancer cell line Huh7 was transduced with two shRNAs targeting Ajuba and one lentiviral 

Ajuba expression construct as mentioned above and previously described40. The shRNAs were 

purchased from MISSIONTM, Sigma-Aldrich. Clone shAjuba1 (coding region) NM-032876.4-

1385s1c1. Clone shAjuba2 (non-coding region 2URT) NM_032876.4-2786s1c1 

Lentiviral scrambled control shRNA with random sequence Clone shScrambled MISSION® pLKO.1-

puro non-mammalian shRNA Control Plasmid. Ajuba expression construct: Clone Ajuba OE 

Harvard PlasmID:Phage_CMV_C_FLAG_HA_IRES_PURO. All experiments were carried out on cells 

at 25-50% confluence and the efficiency of the transduction was assessed by real-time qRCR and 

immunoblot.
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Western blot

Total protein extraction was performed using RIPA cell lysis buffer (10 mM Tris with pH 8, 1 mM 

EDTA pH 8, 150 mM NaCl, 0.5% NP40) with addition of protease inhibitors (1mM NaF, 10mM 

NaVO3, 1mM PMSD, 1X protease inhibitor cocktail - Sigma P1860). The cell lysates were sonicated 

(Sonopuls, Bandelin), then centrifuged and only the supernatant was kept for further analysis. 

Snap frozen tissue pieces were dissociated using a TissueLyser (Qiagen) for 2 min at 20 Hz in RIPA 

buffer. The protein lysate concentrations were determined with the Bio-Rad Protein Assay System 

(Bio-Rad) as described by the manufacturer. Equal amounts of proteins were separated by SDS–

PAGE and transferred onto a nitrocellulose membrane using the iBlot2 Gel transfer device. The 

membrane then was blocked in 5% non-fat dry milk dissolved in PBS for 1h followed by incubation 

with the primary antibody overnight at 4°C. After incubation with the HRP conjugated secondary 

antibody, chemiluminescent reaction was performed with Western Lightning Plus-ECL from Perkin 

Elmer. Membranes were developed using the x-ray film processor Curix 60 (AGFA). The band size 

was estimated using Page Ruler™ Prestained Protein Ladder (Fermentas) and Precision Plus 

Protein™ DUAL Color Standards (BIO-RAD, #161-0374). Primary antibodies used were rabbit 

monoclonal anti-Ajuba (1:1000 dilution, Cell Signalling), yH2Ax (1:1000 dilution,P-Histone H2AX 

(Ser139), Millipore), RPA70 (1:1000 dilution, Cell signaling). HRP-conjugated secondary antibodies 

used were goat anti-rabbit (Dako). β-actin-HRP (1:100’000 dilution, Sigma) as well as antibody 

against TATA-Box Binding Protein (anti-TBP) (1:1000 dilution, Cell Signaling) were used as a loading 

control. 

Quantitative real-time reverse transcription PCR

Total RNA was isolated from human samples and cell lines using Triazole (Thermo fisher) according 

to manufacturer’s protocol. The quality and concentration of RNA were measured using Nanodrop 

2000 Spectrophotometer (Thermo Scientific). 500 ng of total RNA was used for cDNA synthesis 

using Omniscript RT Kit 200 (Qiagen). mRNA was analysed by quantitative RT–PCR with TaqMan 

gene expression assays and reagents according to the standard protocols (Applied Biosystem), 

using specific primers and housekeeping genes 18S FAM as control. We used the TaqMAN ViiA TM 

7 Real-time PCR system from Applied BioSystems for the amplification steps and data collection. 

Log 2-fold changes were computed using the ΔΔCt method. Ct values of target genes (TG) were A
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calculated relative to a reference gene (RG, 18S) using the following formula: ΔCtTG = CtTG−CtRG. 

Experimental groups (TG) are normalized to control group (CG): ΔΔCt = ΔCtTG−ΔCtCG, and fold 

increase = 2−ΔΔCt.

Colony formation assay

Colony formation assay was performed as previously described68. Briefly, 1’000 cells per well were 

platted in triplicates into 6-well plates and incubated for 7 days. To stop the colony formation, the 

medium was removed, and cells were washed twice with DPBS before being dried. Crystal violet 

was used to stain the cells (3 g crystal violet, 99.9 mL methanol, 49.9 mL acetic acid) by incubating 

each well for 30 min at room temperature. The number of colonies were counted using the 

Colcount (Oxford Optromix, Abingdon, UK).

In vivo syngeneic tumor model

RIL-175 cells, were previously transfected with lentivirus to KD Ajuba, and shScrambled control 

were used to inject subcutaneously on the flank of C57BL/6J mice. Protocol was adapted from 

Brown et al.69 in short, 1x106 cells were injected N=5 mice per condition were used and tumor was 

measured ever second day using a digital caliper under isoflurane. Tumor volume was calculated 

according to the modified ellipsoid formula volume = (4/3) × π × (length/2) × (width/2) × (height/2)70. 

Mice were harvested two weeks after injection and tumors carefully excised and SNAP frozen or 

paraformaldehyde preserved for further analysis.

Angiogenesis tube formation assay in 3D Matrigel:

Primary endothelial cells were isolated from the umbilical cord to generate HUVEC. Ajuba was KD 

using shRNA and then a vascular tube formation assay was performed as previously described70. 

Briefly, 150’000 HUVEC were plated per well in a 96-well plate, that was coated with 30 μL of 

Matrigel® (BD Biosciences). Pictures were taken with a Leica camera and afterwards analyzed by a 

semi-automated plug-in for ImageJ software as previously described41. All experiments were 

performed in triplicate.
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Immunofluorescence

Tissue samples were fixed in 4% formaldehyde for 24h then processed and embedded in paraffin. 

Paraffin blocks were sectioned with Leica Microtome in 6um thick slides. Sections were stained 

using Ajuba antibody (Novus biologicals, NBP1-39570, concentration 1:50) overnight at 4°C. The 

secondary antibody, anti-rabbit Cy3 (life technologies, concentration 1:300), was incubated for 2 

hours in antibody diluent (Dako antibody diluents with Background reducing components). 

Coverslips were mounted with VECTASHIELD Antifade Mounting Medium with DAPI (Vector 

Laboratories, H-1500) and fluorescence images were taken using an automated inverted 

microscope (Leica DMI4000 B).

Flow-cytometry assessment of S-phase entry

Huh7 cell lines with Ajuba KD and OE were synchronized at the G1/S transition of cell cycle using 

thymidine, an inhibitor of DNA synthesis. EdU integration was used to assess the percentage of 

cells in S-phase at different time points, over the time course of 24h. Cell synchronization protocol 

was adapted and optimized for Huh7 from Macheret et al43. Cells were treated with 2mM of 

thymidine for 18 h to synchronize cells at early S-phase of cell cycle (G1/S boundary). After 

thymidine synchronization the cells were trypsinized and washed twice in warm medium then 

released in warm media containing 25 µM EdU for various time points (Invitrogen, Cat. No. 

A10044). Cells were collected every two hours and fixed with 90% methanol overnight as 

previously described44. The cells were prepared for flow cytometry using the Click-it Kit (Invitrogen 

Cat. No. C-10420) according to the manufacturer’s instructions. The genomic DNA was stained 

with propidium iodide (Sigma, Cat. No. 81845) in combination with RNAse (Roche, Cat. No. 

11119915001). EdU-DNA content profiles were then acquired by flow cytometry (SORP LSR II) to 

assess the percentage of cells that entered S-phase in each condition at each time point.

RT2 Microarray and data analysis

Cell cycle RT2 profiler PCR gene arrays were purchased form Qiagen. Total RNA was isolated form 

human HCC cell line Huh7 were we previously KD and OE Ajuba protein using Promega extraction 

kit according to manufacturer’s instruction. The quality and concentration of the RNA were 

measured with the Agilent 2100 BioAnalyzer. High quality RNA samples (RIN> 9) were then reverse A
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transcribed using the First strand synthesis kit form Qiagen. The samples were prepared in 

duplicates in order to have enough cDNA for the two different array plates. Samples were then 

loaded to the cell cycle array plate according to Manufacturer’s instructions. Finally, the data was 

analyses using the GeneGlobe online web analysis tool provided by Qiagen. After selecting the 

correct RT2 profiler and the species used in the experiment, the Raw data was uploaded into the 

dataset via a previously prepared excel sheet of all the qPCR plates. Using the sample Manager, 

Control group was defined as the scrambled cell line whereas the other samples were named 

Group 1-5. Sample Ct- Cut-off was set to 35 for both the arrays. A quality control was performed 

by the program to check for PCR array reproducibility, reverse transcription control and Genomic 

DNA contamination. Data was normalized to an average of 4 selected housekeeping genes. For the 

cell cycle array plate housekeeping genes: B2M, GAPDH, HPRT1 and RPLPO were used, and for the 

hippo pathway array plate ACTB B2M, GAPDH and RPLP0 were used. Comparative heat maps and 

fold change was calculated by determining the ratio of mRNA levels to control values using the ΔCt 

method (2−ΔΔCt). Data was depicted with a heatmap using R.

Immunoprecipitation and subsequent Mass spectrometry (MS)

Immunoprecipitation was performed using the Pierce MS-compatible magnetic IP kit (streptavidin) 

from thermos scientific. Huh7 cell lines, Ajuba OE containing an HA-tag and shScrambled 

containing no HA-tag were used respectively as a sample and as a control for the experiments. 

Protein was isolated according to manufactures instruction 48h after plating with the slight 

modification of adding Proteinase inhibitors and PMSF to the cell lysis buffer. The protein 

concentration was measured using Bradford assay, and IP was performed with 1000ng of protein 

and 60 μl of biotinylated anti-HA Antibody (100ug/ml). The cell lysate was incubated over night 

with the specific biotinylated ab at 4°C. The next day, antigen /ab complex to streptavidin 

magnetic beads was incubated for 2h at 4°C and then for 20 min at RT. The samples were run in 

duplicated and sent to the Functional Genomics Center Zurich, ETH, University of Zurich where 

samples were further processed and analyzed for LC/MS/MS. 

Immunoprecipitation analysisA
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Immunoprecipitation was analyzed using scaffold4. Protein threshold was set to 1.0% FDR and min 

number of peptides to 2. Peptide threshold 0.1% FDR. Database searches were performed by 

using the Mascot (Swiss_Prot, human) search program which identified a total of 1072 proteins. 

We filtered out the proteins that were uniquely expressed in Ajuba OE and named them Class I. 

From the proteins that were detected in both samples we then filtered out the ones that had a 2-

fold higher expression of total unique peptide count in OE compared to its control and named 

them Class II. Resulting in a total of 247 proteins. All other proteins were not used for further 

analysis. The full mass spectrometry report table displaying all the detected proteins is available in 

Table 1 and the list for all proteins of Class I and Class II is available in Table 2.

Immunoprecipitation and Western blot analysis

Immunoprecipitation was carried out overnight at 4°C on 800μg of total HuH7 Ajuba OE and HuH7 

parental cells lysate with Protein A or G agarose/Sepharose beads (Abcam, ab193262) and 5 µg/ml 

of monoclonal anti-HA-Biotin (Roche, 12158167001). Beads were washed four times with 

PBS/Tween 0.1% to remove unbound proteins. Interacting proteins were detected by Western 

blot using the following antibodies: RPA70 (1:1000, Cell Signaling #2198), MCM2 (Cell Signaling 

#3619), MCM3 (1:1000, Cell Signaling #4003), MCM7 (1:1000, Cell Signaling #3735), SKP2 (1:1000, 

Cell Signaling #2652), CHK1 (1:1000, Cell Signaling #2360).

Venn Diagram

Venn diagrams were drawn using custom Venn diagrams from Bioinformatics & Evolutionary 

Genomics web tools71.

String Visualization

Protein selected (Class I and Class II) from the MS analysis were plotted on string-db.org in order 

to visualize known interactions with Ajuba protein41.

Pathway Enrichment Analysis

Pathway enrichment analysis was performed using Metascape Gene Annotation & Analysis 

Resource72. We used the proteins selected from the MS analysis of Class I, Class II and the A
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combination of Class I and II to display pathway enrichment. The top 20 statistically significant 

families of pathways are displayed. 

Immunocytochemistry

HCC cell lines were grown on glass cover slips in 8-plates (50’000 cells per well). Cells were fixed 

with 4% formaldehyde, permeabilized and blocked in 5% goat serum (DAKO, X0907), 0.3% Triton-

X-100 (Sigma-Aldrich) in DPBS and stained with anti- γH2AX (yH2Ax (1:500 Millipore, P-Histone 

H2AX (Ser139) and matched with Alexa Fluor® (AF) 647 conjugated secondary antibodies (Life 

Technologies 1:1000). Nuclei were counterstained with DAPI (1:5000), coverslips were mounted 

with Vectashield Antifade Mounting Medium (Vector Laboratories, H-1000) and fluorescence 

images were taken using the Panoramic 250 Flash II slide scanner (3DHistech).

FACS assessment of DNA damage and DNA damage repair:

To assess the DNA damage in Huh7 cell lines where Ajuba was previously KD and OE, we used the 

FlowCellect™ Histone H2A.X Phosphorylation Assay Kit according to the manufacturer’s 

instructions. To assess the DNA damage repair capacity of the different cell lines, we irradiated the 

cells with 2 Gray using Gammcell 40 (Best Theratronics) and used yH2AX as a readout as 

previously described74. The FACS readout was then performed using the H2A.X Phosphorylation 

Assay Kit 2h and 4h after a 2 Gray irradiation. 

Sensitivity to Irradiation

In 6-well plates, cells were platted with a density of 1’000 cells in 200 µl medium per well. After 

letting the cells adhere for 6h, the plates underwent irradiation in a Gammacell 40 (Best 

Theratronics) at the following doses: 0, 2, 3, 4, 5, 6 and 8 Gray as previously described40. Non-

irradiated cells were used as a control. The sensitivity after irradiation was assessed by the cells 

capacity to form colonies as described under Colony formation assay. 

Graphs and Statistical analysis

R was used for the computation of publicly available RNA-seq data and RT2 microarray 

experiments, graphs were displayed using R-package ggplot273. Scaffold4 was used for the analysis 

of the mass spectrometry data. The graphs and the statistics for the remaining graphs were done A
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by using GraphPad Prism software. P-values were calculated as mentioned on the figure legend 

using either. an unpaired, two-tailed Student's t-test, two-way ANOVA with no repeated measures 

and Tukey adjusted for multiple comparison, one-way ANOVA with correction for multiple 

comparison using Dunnet test or log-rank test. For all analyses NS denotes p>0.05, * p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001.
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Figure legends 

Figure 1 Ajuba expression coincides with cell proliferation in normal and liver malignant cells.

(A) Ajuba mRNA expression level in liver tissue pre- and at different time points post 70% PHx, 

statistical test used: one-way ANOVA with Dunnett’s multiple comparison test, error bars show 

SD, n=3. (B) Ajuba mRNA expression level measured by RT-qPCR in mouse livers after either 14-

week treatment with CCl4 (0.5 ul/g of 20% CCl4) or 24h after DEN injection (100mg/kg), olive oil 

was used as a vehicle, statistical test used: unpaired t-test, error bars show SD, n=3. (C) Ajuba 

mRNA expression level measured by RT-qPCR liver cancer cell lines and normalized to isolated 

human hepatocytes, statistical test used: t-test with multiple comparison correction Holm-Sidak, 

error bars show SD, n=3. (D) MTT proliferation assay comparing Parental, shScrambled and Ajuba 

OE cell lines. The absorbance was measured at 570 nm one hour after MTT addition over the span 

of 5 days. Statistical test used: two-way ANOVA with Tukey’s multiple comparison test, error bars 

show SD, n=2 one representative plot is shown with technical quadruplicates (E) Ajuba mRNA 

expression in primary human hepatocytes, human liver tissue isolated from HCC or form tissue 

adjacent to the HCC tumor tissue and HCC derived human organoids. Statistical test used: 

unpaired t-test, error bars show SD, n=3/control and n=4/group. (F) 10-year Kaplan Meyer survival 

curves were generated with data from TCGA and used to calculate HCC patient survival according 

to their Ajuba expression (high=top 20%, n=73) and low expression (low=bottom 80%, n=296), 

statistics was computed using log-rank test, p-value = 0.0125. For all analyses ns denotes p > 0.05, 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Figure 2. Decreased Ajuba expression leads to decreased cell proliferation.

(A) Percentage of Ajuba -/-, Ajuba +/- and WT mice after genotyping F2 generation of Ajuba KO 

founder lines 1&2 mice (N=400, generated by CRISPR/Cas9 technology). Expected Mendelian 

ratios for monohybrid cross 1:2:1 (25% WT, 50% Heterozygous and 25% Homozygous KO) are 

depicted as a reference in a dashed line, Chi-squared goodness of fit test was performed 

comparing found genotypes with expected mendelian rations, p-value < 2.2e-16. (B) Ajuba protein 

expression in Huh7 cell line with Ajuba KD. (C) Proliferation assay measuring the absorbance at 

570 nm 1 hour after addition of MTT over the span of 5 days. Statistical test used: two-way 

ANOVA with Tukey’s multiple comparison test, error bars show SD, n=3 one representative plot is A
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shown with technical triplicates. (D) Colony formation assay in Huh7 cell lines in a 6-well plate and 

letting the cells proliferate for 7 days as well as the representative picture of the 6-well plate after 

crystal violet staining, statistical test used: unpaired t-test, error bars show SD, in triplicates. (E) 

Graph displaying the area under the curve form the tumor volumes of a subcutaneous syngeneic 

tumors (RIL-175 cell) in BL/6 WT mice, statistical test used: unpaired t-test, error bars show SD, 

n=5. (F) Vascular tube formation assay in primary endothelial HUVEC and a representative bright 

field pictures (5x), statistical test used: unpaired t-test, error bars show SD, in triplicates. For all 

analyses ns denotes p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Figure 3. 3 Ajuba has a nuclear localization in proliferation cells and involved in DNA replication

(A) Liver sections from control, HCC tissue and a regenerating liver 72h post PHx stained for Ajuba 

and Dapi. White bar represents 100μm. (Images taken with a Leica DMI 4000 B microscope). (B) 

DNA replication dynamics studied in Huh7 cell lines with Ajuba KD and OE. The percentage of EdU 

positive cells were assessed over the timespan of 24h after release from thymidine 

synchronization. EdU incorporation was detected using FACS analysis with click it staining and 

total DNA content was measured with propidium iodide (PI). P-values were computed using two-

way ANOVA with no repeated measures and Tukey’s multiple comparison correction. (D) Cell cycle 

related gene expression in Ajuba shscrambled and depleted cell lines using RT2 qPCR profiler array 

plate from Qiagen. For all analyses ns denotes p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001.

Figure 4 Ajuba is associated with DNA replication genes.

(A) Ajuba protein expression of Ajuba OE Huh7 cell line using lentiviral transduction. (B) Venn 

diagram displaying the total number of proteins identified in MS (settings used: prot 1.0% FDR, 2 

peptides, pept 0.1% FDR) and showing the selection criteria for further analysis of Class I and Class 

II proteins (>log 2-fold change) Huh7 cell lines with Ajuba OE containing an HA-tag and control cell 

line a scrambled control without HA-tag were used. (C) Volcano plot of all proteins detected. (D) 

Pathway enrichment analysis of binding partners (Class I and II) of Ajuba using Metascape found 

after immunoprecipitation of Ajuba OE cells using HA-tag. (E) Immunoprecipitation and western 

blot analysis of Huh77 Ajuba OE and parental cell lysate. Protein A or G agarose/Sepharose beads 

were used as control. Cell lysates were incubated over night with anti-HA-Biotin ab.A
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Figure 5 Ajuba depletion leads to increased DNA damage expression.

(A) Immunofluorescent pictures of Huh7 cell lines staining for yH2Ax. White bar represents 100μm 

(B) Percentage of yH2Ax positive cells assessed using FACS analysis and a DNA damage staining kit 

(FlowCellect™), statistical test used: unpaired t-test, error bars show SD, n=4. (C) Protein 

expression of yH2Ax assessed by western blot in Huh7 cell lines with Ajuba KD. β-actin was used as 

a loading control. (D) Western blot analysis of Huh7 cell lines with Ajuba KD stained for RPA70 and 

p-Chk1. β-actin was used as a loading control. (E) Percentage of colonies that survived after a 3 

gray irradiation in Huh7 cell lines, statistical test used: unpaired t-test, error bars show SD, in 

triplicates. The colonies were stained with crystal violet and counted with ColCounter. Statistics 

was computed with Graphpad using non-irradiated cells as a measure of 100% (F) Percentage of 

DNA damage repair that occured between 2 and 4h after a 2 Gray irradiation. FACS analysis was 

used to compute the percentage of yH2Ax posistve cells 2 and 4h. To compute the percentage of 

repair 2h time point was considered as 100% damage, statistical test used: unpaired t-test, error 

bars show SD, n=2. For all analyses ns denotes p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001.

A
cc

ep
te

d 
A

rt
ic

le



Figure 1
A B

C

A
ju

ba
 m

R
N

A
 lo

g 
2 

fo
ld

 c
ha

ng
e

E

Su
rv

iv
al

 (%
)

Time to event in years

low   Ajuba expression
High Ajuba expression

-1

0

1

2

3

4 ****

ns

ns

****

Sham 3 6 24 48
hours post PH

0 24 48 72 96 120

Parental
shScrambled
Ajuba OE

F

p-value= 0.0125A
ju

ba
 m

R
N

A
 lo

g 
2 

fo
ld

 c
ha

ng
e

Hep
ato

cy
tes

Adja
ce

nt 
to 

HCC

HCC tis
su

e

HCC or
ga

no
ids

Aj
ub

a 
m

R
N

A 
lo

g 
2 

fo
ld

 c
ha

ng
e

0

1

2

3

4

5

**

*

Vehicle CCl4 DEN

A
ju

ba
 m

R
N

A
 lo

g 
2 

fo
ld

 c
ha

ng
e

Hep
G2

Hep
3B

Huh
7

C3A

PLC
/PRF/5

SNU-38
7

SNU-42
3

SNU-44
9

SNU-47
6

Hep
ato

cy
tes

0

2

4

6

8

** **
***

****
** ***

* ns

ns

0

2

4

6

8

*

**
***

Vehicle

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10

D

M
TT

 a
bs

or
ba

nc
e 

at
 5

70
nm

0.0

0.5

1.0

1.5

ns ns
ns

ns

ns
*

**

****

****

hours



C D

B

E F

M
TT

 A
bs

or
ba

nc
e 

at
 5

70
nm

Pare
nta

l

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

Pare
nta

l

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

5000

10000

15000

20000

25000

***
***ns

To
ta

l v
es

se
l l

en
gh

t i
n 

uM

Parental
Scrambled
shAjuba 1
shAjuba 2

A
Figure 2

0

2 5

5 0

7 5

1 00

W
T

Hom
oz

yg
ot

Hete
roz

yg
ot 

G
en

ot
yp

ed
 A

ju
ba

 K
O

 b
re

ed
in

g 
(%

)

Expected Mendelian ratio

Expected Mendelian ratio

Pare
nta

l

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

N
r o

f c
ol

on
ie

s 
fo

rm
ed

Tu
m

or
 v

ol
um

e 
A

U
C

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

*
ns600

400

200

0

720 24 48 96 120
hours 0

1 0

2 0

3 0

4 0

5 0 ns * *

0.0

0.5

1.0

1.5

2.0

2.5

***
****

****

****

****

ns

****

****

****

*

****

**** ****

****

ns

Ajuba 55kDa

ß-actin 39kDa

****



Figure 3
A

CDC6
E2F4
MCM3
MCM2
SKP2
AURKB
E2F1
CHEK2
CDKN3
BRCA1
CCND3
CDK5RAP1
CCNC
CDKN2B
TFDP1
ATM
BCL2
SERTAD1
GADD45A
B2M
CCND2
CDKN1B

−5 5

0
5 1

01
52

0
Co

un
t

0

shAjuba 2shAjuba 1shScrambled

Value

B

%
 E

dU
 p

os
iti

ve
 c

el
ls

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4
0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 00

*

*
*

**
* *

Control HCC 72h Phx

Ajuba
Dapi

Ajuba OE

shAjuba 1
shScrambled

C

Time points (hours)



A
Figure 4

C
Con

tro
l

Con
tro

l

Ajub
a O

E

Ajuba 55 kDa

TBP 35 kDa

Class I NOT interested
Ajuba OE > Control

Fold change > 2

Total amount detected proteins: 1072

Ajuba OE Control

Class II

B

0.25

0 1 2 3 4 5
0.00

-5 -4 -3 -2 -1

0.75

0.50

1.25

1.00

1.75

1.50

2.25

2.00

2.75

2.50

3.00

Class I Class II

WCL IP: Anti-HA-Biotin

Ajuba 55 kDa

RPA70 70 kDa

SKP2 48 kDa

MCM2 125 kDa

MCM7 80 kDa

MCM3 100 kDa

CHK1 56 kDa

Pare
nta

l

Ajub
a O

E

Con
tro

l

Ajub
a O

E

Pare
nta

l
Golgi vesicle 

RNA splicing

biosynthesis

Response to DNA 
damage stimulus

Microprocessor
    complex

Vesicle transport

 Organelle
organisation

VEGFA-VEGFR2
      Pathway

Cell-cell junctions 

Apoptosis

Hippo pathway
Protein localization

Adherent junctions

Tight junctionsGolgi vesicle transport

RNA transport

Metabolism of RNA

Regulation of translation
     and mRNA stability

Regulation of 
gene silencing Ribonucleoprotein

complex biogenesis 

Endocytosis
Membrane
Trafficking 

      Cell cycle
G2/M check point

Actin filament and
   cytoskeleton

Translation
  initiation

D E



A B

β-actin 39 kDa

RPA70 70 kDa

sh
Ajub

a1

sh
Scra

mble
d

sh
Ajub

a2

%
 D

N
A

 d
am

ag
e 

re
pa

ir 
in

 2
h

C D

Pare
nta

l

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

Ajuba 55 kDa

β-actin 39 kDa

γH2AX 17 kDa

Pare
nta

l

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

E

p-Chk1 56 kDa

F

S
ur

vi
va

l (
%

)

Pare
nta

l

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

sh
Ajub

a1

sh
Ajub

a2

sh
Scra

mble
d

%
 o

f y
H

2A
x 

po
si

tiv
e 

ce
lls

0

5

1 0

1 5

2 0

2 5

*

ns

0

2 0

4 0

6 0

8 0

1 00
ns

**
*

0

1 0

2 0

3 0

4 0

5 0
*

*

Parental shAjuba 1

shScrambled shAjuba 2

yH2AX

Figure 5


	feb2_14371_f1-5.pdf
	1_Figure
	2-Figure
	3-Figure
	4_Figure 
	5_Figure




