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Abstract 

There is an urgent need to define mechanisms underlying pancreatic adenocarcinoma (PDA) 

development. Our studies of ubiquitin ligases that may underlie PDA development led us to 

identify and characterize RNF125. We show that RNF125 exhibits nuclear expression in acinar 

cells, with reduced and largely cytosolic expression in ductal cells, PanIN and PDA specimens. 

We find that RNF125 interacts with histone deacetylase 2 (HDAC2) and promotes its non-

canonical K63-linked ubiquitination. Inhibition of HDAC2 activity by RNF125 resulted in 

elevated expression of the pancreatic and duodenal homeobox 1 (PDX1). Correspondingly, 

inhibition of RNF125 expression enhanced organoid growth in culture and orthotopic tumor 

development. Conversely, restoration of PDX1 levels in human or mouse PDA cells and organoids 

depleted of RNF125, inhibited cell proliferation and growth, while expression of HDAC2 

enhanced it. Notably, higher expression of RNF125 and PDX1 coincided with differentiated tumor 

phenotypes, and better outcome in PDA patients. In demonstrating the importance of RNF125 

control of PDX1 expression via HDAC2 ubiquitination in PDA development, our findings 

highlight markers (RNF125, PDX1) and targets (HDAC2) for monitoring and possible treatment 

of PDA.  

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


 3 

Introduction 

Pancreatic adenocarcinoma (PDA) is notoriously aggressive and resistant to therapy, and is the 

third leading cause of cancer mortality in the US1. Advances in mapping the PDA genomic and 

transcriptomic landscape have provided insights into deregulated pathways that may underlie 

this devastating disease. Among the major genetic alterations seen in PDA are mutations in 

KRAS, TP53, SMAD4 and CDKN2A, implicating hyperactive PI3K, MAPK and WNT signaling, 

in concert with deregulated cell cycle and DNA damage control mechanisms2. Equal attention 

has been given to epigenetic regulators rewired in PDA, including DNMT1, DNMT3A, 

DNMT3B, KDM6A, P300, SMARCA2/4, several miRs and lnRNAs that impact DNA 

methylation, histone modifications, and chromatin remodeling3,4. Mapping changes indicative 

of different phases of PDA development has allowed identification of regulatory cues 

characteristic PDA development.  

 

Oncogenic pancreatic cells, including PDA, require effective adaptation to low oxygen and low 

nutrient conditions, as well as the ability to accommodate extracellular matrix (ECM) stiffness 

and fibrosis5. Such adaptation requires rewiring of cellular metabolic and protein homeostasis 

pathways, resulting in altered metabolic and unfolded protein responses6-8. Changes in acinar 

cell physiology, which are central to pancreatic organogenesis, mark early phases of PDA 

development. Acinar cells routinely withstand harsh conditions, for which they possess high 

rate of protein synthesis and secretion9, hallamrks of the unfolded protein response (UPR) 

machinery. 

 

Failure to maintain cellular homeostasis in response to environmental insult such as 

inflammation or tissue injury, promotes trans-differentiation of acinar cells, known as acinar-

to ductal metaplasia (ADM), resulting in a ductal cell lineage10,11. Underlying this process is 

coordinated regulation of transcriptional and epigenetic networks, including changes in SOX9 and 

hepatocyte nuclear factor 6 (HNF6) expression, both of which function in somatic stem cell 

reprogramming over the course of pancreatic development12-14. ADM to some extent is reversible 

if cellular homeostasis is re-established; however, sustained insult, especially when combined with 

genetic and epigenetic changes, drives an irreversible state in which ductal cells enter a PanIN 

phase resulting in a pancreatic intraepithelial neoplasm, a critical step in PDA development12,14. 
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The transcription factor pancreatic and duodenal homeobox 1 (PDX1) is required for 

differentiation of all pancreatic cell lineages15, and PDX1 loss is associated with more aggressive 

phenotypes of PDA16. Another factor implicated in ADM is the nuclear receptor 5A2 (NR5A2), 

which has been linked with the control of acinar identity and pancreatic inflammation and 

repair17,18. NR5A2 is more highly expressed in human pancreatic cancer specimens than in normal 

pancreas and supports proliferation of PDA cell lines19. 

 

The ubiquitin system plays a key role in tumor development, progression and resistance 

mechanisms20-23, and changes in activity of several ubiquitin ligases are reportedly seen in PDA 

development as well as that of other cancers 21,24-26. In search for ubiquitin ligases (UBLs) that are 

differentially expressed in pancreatic cancer and normal tissues and potentially linked with PDA 

prognosis we identified the RING-type E3 ubiquitin ligase RNF125. As a 232 aa protein RNF125 

harbors a N-terminal RING domain and two central zinc finger domains. Earlier studies have 

demonstrated that RNF125 controls RIG-I stability, with concomitant effect on the regulation of 

T cell activation, and antiviral innate immunity 28,29. In pancreatic tissues, we report that RNF125 

expression is reduced over the course of acinar-ductal phases and as PDA develops. We identify 

that RNF125 regulates HDAC2 activity with concomitant effect on the expression of PDX1. Our 

studies suggest that RNF125-HDAC2-PDX1 axis support early phases in pancreas development, 

while antagonizes PDA tumor growth,  

 

 

Results  

The ubiquitin ligase RNF125 is differentially expressed in the exocrine pancreas  

To identify UBLs that contribute to the etiology of PDA, we queried the TCGA database for UBLs 

differentially expressed in cancer, including melanoma27,30, ovarian cancer31, breast cancer32-34, 

colorectal cancer35,36, lung cancer37, and head and neck cancer36,38. Of the UBLs that were altered 

in pancreatic cancer (Fig S1A) we selected UBLs whose expression may be linked with survival. 

Two RING finger ubiquitin ligases that met these criteria, were RNF125 and RNF2. Whereas 

RNF125 expression negatively correlated with survival, RNF2 expression exhibited an opposite 

pattern (Fig. S1A).  
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Decreased RNF125 expression was found in 22% of PDA cases; those changes included reduced 

transcription (28/149) and partial deletion of the RNF125 locus (5/149) on chromosome 18 (Fig 

S1A). Independent evaluation of RNF125 expression using the TCGA database confirmed that 

RNF125 downregulation seen PDA is not common in other tumors (i.e. AML, melanoma; Fig. 

S1B). Correspondingly, PDA tumor specimens were found to exhibit lower levels of RNF125 

expression, compared to that in surrounding normal pancreas (Fig. S1C). Given the differences 

observed for RNF125 in PDA we set to further study its possible importance for this tumor type. 

 

We next assessed potential changes in RNF125 expression between the normal pancreas and 

PDA. Immunostaining of normal pancreas revealed differential expression and localization of 

RNF125 in the exocrine pancreas. While acinar cells exhibited relatively increased and mostly 

nuclear RNF125, the ductal epithelium exhibited lower RNF125 levels, and RNF125 was 

largely excluded from the nucleus in ductal cells (Fig. S2A), implying that RNF125 expression 

and nuclear localization may be important for the maintenance of normal pancreas. To test this 

possibility, we assessed pancreatic organization in RNF125 knockout (KO) mice (Figure 1A-

B). Notably, smaller pancreata exhibiting decreased expression of developmental (also 

implicated in acinar) markers (NR5A2, PDX1, GATA6, MIST1; Figure 1C) versus increased 

ductal markers (PTF1A, SOX9, FGF10; Figure 1D, 1E) were seen in 6-week-old RNF125 KO 

relative to WT mice. Along these lines, carboxypeptidase A1, amylase and pancreatic lipase, 

markers associated with acinar cells and exocrine activity were downregulated in pancreata of 

RNF125 KO mice (Fig. 1F). Chromogranin and insulin levels, associated with endocrine 

activity, were somewhat lower in RNF125 KO pancreata, although plasma glucose levels were 

not significantly altered, albeit somewhat increased (Fig. 1G). Correspondingly, pan-

cytokeratin staining revealed increased numbers of ductal structures within the pancreatic 

parenchyma in RNF125 KO mice (Fig. 1H). These observations suggest that RNF125 

expression is associated with acinar state as part of normal pancreas homeostasis. 

 

Transformed cells exhibit changes in expression and subcellular RNF125 localization  

Changes in RNF125 expression and localization noted in acinar vs. ductal cells (Fig S2A) 

prompted us to determine the level and localization of RNF125 in a cohort of human PDA 

samples. While in a few cases (4/22) RNF125 expression was high and detectable in the nucleus, 
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most tumor samples (18/22) exhibited relatively low expression of RNF125 that was largely 

cytosolic (Fig. S2B). RNF125 expression was also reduced in cancer-associated fibroblasts 

surrounding tumor islets (Fig. S2B). Notably, higher RNF125 protein levels were associated 

with improved prognosis (Fig. S2B, Table 1). To confirm these observations, we analyzed a 

TMA consisting of 84 PDA cases. Of those, 32% exhibited low RNF125 levels, 58% were 

RNF125-negative, and only 10% exhibited strong RNF125 staining, of which only 2 were 

nuclear (Fig. S2C). Notably, low levels of RNF125 expression coincided with a poorer 

differentiation grade (Fig. S2C, Table 2). Moreover, lower RNF125 levels in this context were 

also observed in 8 out of 10 PDA cell lines (Fig. S2D). Overall, decreased nuclear RNF125 was 

identified in human pancreatic ductal epithelium cells, compared to the mostly acinar normal 

pancreas, with further decrease in nuclear RNF125 seen in human PDA cell lines (Fig. S2E).  

 

To further assess possible changes in RNF125 expression in tumor development, we monitored 

RNF125 expression in human pancreatic intraepithelial neoplasm (PanIN), the early precursor 

of a malignant PDA lesion. Lower levels of RNF125 protein as well as relatively decreased 

nuclear expression was detected in PanIN samples compared with surrounding acinar cells (Fig. 

S2F), suggesting that altered expression (lower level and nuclear exclusion) of RNF125 may be 

linked with PDA development.  

 

To directly assess possible importance of RNF125 in PDA, we assessed the expression and 

possible function of RNF125 in an established model of pancreatic malignancy. To this end we 

used an orthotopic PDA derived from the Pdx1Cre;KrasG12D;Trp53R172H(KPC) mouse model. 

KPC-derived tumors exhibited lower levels of RNF125 protein relative to normal mouse 

pancreas (Fig. S2G). Genetic (shRNA-mediated) inhibition of RNF125 increased the 

proliferation of three PDA cell lines and enhanced sphere formation by KPC cells (Figs. S3A, 

S3B), while promoting the growth of KPC-derived organoids (Fig. 2A). Conversely, ectopic 

expression of the WT but not a RING mutant (RM) form of RNF125 attenuated growth of 

human PDA-derived lines and reduced the number of nuclei, reflective of proliferation of KPC-

driven organoids (Figs. 2A, S3A-B). Ectopic expression of RNF125 also attenuated sphere 

formation and colony-forming capacity of PDA cell lines (Fig. S3A, C). These data suggest that 

RNF125 requires its ubiquitin ligase function to exert a tumor growth inhibitory function. 
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Inoculation of KPC-driven organoids stably expressing shRNF125 resulted in larger PDA 

tumors and a corresponding decrease in mouse survival (Fig. 2B-C). Immunohistochemistry of 

KPC tumors subjected to RNF125 knockdown revealed increased proliferation, reflected in 

elevated level of Ki67 expression (Fig. 2D) which was accompanied by elevated alpha smooth 

muscle actin (αSMA) expression, coupled with increased trichrome staining of collagen, 

indicative of enhanced fibroblast and desmoplastic involvement (Fig. 2D, 2E). Additionally, 

inhibition of RNF125 expression reduced the number of malignant ductal structures observed 

by CK19 staining, indicative of dedifferentiation (Fig. 2D, 2F) and lower level of cleaved 

caspase 3 (Fig. 2G), reflective of reduced apoptosis. Notably, shRNF125-expressing tumors 

showed increased expression of EMT markers (Fig. 2H), consistent with appearance of de-

differentiation phenotypes (Fig. 2D, 2F). KPC tumors expressing shRNF125 did not exhibit 

changes either T cell infiltration or angiogenesis, reflected by unaltered level of CD45+, CD8+, 

and CD31+ expression (Fig. S4A). Overall, these observations suggest that RNF125 limits PDA 

growth.   

 

Given the importance of desmoplastic stroma in PDA development, we monitored possible 

changes in the expression of stromal markers in tumors subjected to RNF125 KD, compared 

with WT controls. Among fibrogenesis markers, PDGFRα was significantly increased while 

TGF-β2, TGF-β3, and TNF-a expression were consistently and significantly lower in RNF125 

knockdown KPC tumors (Fig. S4B). Noteworthy, the growth of orthotopically implanted KPC 

tumors in RNF125 KO and WT mice was comparable, and there were no changes in fibroblast 

activation or tumor grade between genotypes (Fig. S4C-D). These findings suggest that 

RNF125 contribution to PDA development primarily occurs through its tumor intrinsic effects.  

 

RNF125 controls PDA growth via differential regulation of PDX1  

In light of the changes in RNF125 expression and subcellular localization seen in acinar and 

ductal pancreatic cells, we asked whether genes implicated in pancreatic lineage differentiation 

or regeneration may be regulated by RNF125 in PDA. Among genes that were implicated in 

lineage differentiation and development in the pancreas are the transcription factors PDX1, 

MNX1, and NR5A29. Indeed, a number of markers of acinar activity, including PDX1 and 

NR5A2, were upregulated in RNF125High PDA (Fig. 3A). Since NR5A2 and PDX1 function in 
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pancreatic acinar differentiation and are reportedly linked to PDA initiation and growth19,40, we 

asked whether RNF125 is involved in their regulation also in PDA. RNF125 expression was 

associated with the expression of both PDX1 and NR5A2 in normal pancreas (Fig. 1D), and 

inhibition of RNF125 resulted in a lower PDX1 and NR5A2 expression in KPC organoids (Fig. 

3B), human PDA cell lines(Fig. S5A) and KPC tumors (Fig. 3C). However, the expression of 

PDX1, but not NR5A2 was upregulated in RNF125High compared with RNF125Low human PDA 

(Fig. 3D). These observations suggest that RNF125 expression controls PDX1 but not NR5A2 

expression in human PDA, which led us to further focused on the PDX1-RNF125 regulatory 

axis. Indeed, ectopic expression of WT, but not RING mutant (RM), form of RNF125 restored 

PDX1 expression, suggesting that for its control of PDX1 transcription RNF125 requires its 

ubiquitin ligase function (Fig 3E). Notably, analysis of a large patient cohort consisting of four 

different pancreatic cancer subtypes, low expression of RNF125 and PDX1 was seen in 

squamous type PDA, which is associated with low survival16 (Fig. 3F).  

 

To further assess the status of RNF125 and PDX1 in PDA, we monitored changes in the 

expression of these proteins at different stages of pancreatic cancer development in human 

samples. The level of PDX1 expression was somewhat lower in PanIN and PDA compared with 

the normal pancreas (Fig 3G). Likewise, PanIN from the pancreas of the KPC mice exhibited 

limited changes in PDX1 expression (Fig. 3H). These observations point to direct correlation 

between PDX1 and RNF125 expression.  

 

Analysis of PDA patient specimens in the TCGA dataset revealed that high PDX1 expression 

is associated with prolonged survival (Fig. 3I). Notably, tumors expressing both RNF125 and 

PDX1 showed better survival, compared with tumors expressing low PDX1 or low 

PDX1/RNF125 (Fig. S5B, S5C)  

 

To assess the potential effect of RNF5-PDX1 expression on PDA we asked whether PDX1 

mediates RNF125 effects. On its own, altered PDX1 expression elicited a notable effect on 

pancreatic tumor growth based on analysis of 2D growth of PDA cell lines (Fig. S5D and 

organoids (Fig. 4A). Notably, while inhibition of PDX1 expression using siRNA did not led to 

a marked increase in PDA cell line proliferation, ectopic expression of PDX1 was able to 
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significantly inhibit PDA cell proliferation (Figs. 4A, S5D). We then injected KPC organoids 

orthotopically into syngeneic C57BL/6 mice and monitored the formation of pancreatic tumors 

(Fig 4B). As expected, inhibition of RNF125 expression in organoids further accelerated tumor 

growth in vivo. Notably, overexpression of PDX1, attenuated the enhanced growth seen in 

RNF125 knockdown organoids and resulted in smaller tumors that exhibited decreased 

proliferation, and increased apoptosis (Fig. 4C). Notably, loss of PDX1 in MiaPaCa-2 cells, 

increased epithelial to mesenchymal transition (EMT), which was monitored using N-Cadherin 

and Vimentin as markers (Fig. S5E). Consistent with these observations, overexpression of 

PDX1 reverted the increased EMT, seen upon RNF125 KD (Fig. S5F). These findings 

substantiate the importance of RNF125 and PDX1 in PDA development/progression.  

 

Nuclear RNF125 interacts with histone deacetylase 2 to decrease its repressive function 

and attenuate tumor growth 

As a ubiquitin ligase, RNF125 should limit either stability or activity of its putative substrates. 

Yet, given that RNF125 altered PDX1 mRNA levels (Fig S5A), we sought to identify a 

regulatory protein intermediate as a potential RNF125 substrate. To do so, we performed mass-

spectroscopy (MS) using RNF125 as bait, which led us to identify both nuclear and cytosolic 

RNF125-interacting proteins, some previously reported to play a role in PDA (Fig 5A, Table 

S1). Given that nuclear RNF125 expression is more prominent in nuclei of non-transformed 

cells and that PDX1 transcription was linked with RNF125 activities, we searched for putative 

substrates that govern gene transcription, and thus focused on nuclear RNF125-interacting 

proteins. Our criteria for selection of substrates included: (i) the ability of an RNF125 substrate 

to alter transcription of PDX1, and (ii) inhibition of the substrate should rescue phenotypes seen 

following RNF125 inhibition. When we tested the nuclear RNF125-interacting proteins based 

on these criteria, only HDAC2 inhibition effectively restored the level of PDX1 expression, 

which were inhibited upon RNF125 knockdown (Fig. 5B). Immunoprecipitation (IP) of 

ectopically expressed RNF125 in the MiaPaCa-2 cell line confirmed HDAC2 interaction (Fig. 

5C), and further subcellular fractionation analysis of endogenous proteins showed that 

interaction was also detected in the nucleus (Fig. 5D-E). Notably, the degree of 

RNF125/HDAC2 interaction and HDAC2 levels were unaltered upon treatment of cells with 

proteasome inhibitors (Fig. 5D), suggesting that RNF125 does not alter HDAC2 stability. 
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Indeed, levels of HDAC2 protein in pancreas were comparable in RNF125 WT and KO mice 

(Fig. 5F). Likewise, both WT and RNF125 knockdown KPC tumors exhibited similar HDAC2 

levels (Fig. 5G). Furthermore, human PDA specimens expressing high RNF125 levels exhibited 

levels of HDAC2 comparable to specimens expressing low RNF125 levels (Fig. 5H). Lastly, 

inhibition of RNF125 expression in PDA cell lines did not alter basal levels or half-life of 

HDAC2 (Fig. S6A-B). Collectively, these observations suggest that RNF125 does not affect 

HDAC2 stability.  

 

Next, we assessed potential effects of RNF125 on HDAC2 ubiquitination. Indeed, inhibition of 

RNF125 expression in HEK293T cells over-expressing HDAC2 decreased levels of ubiquitin 

chains of the K63-topology on HDAC2, as compared to WT controls (Fig. 5I). Conversely, 

ectopic RNF125 expression increased the level of HDAC2 K63-linked ubiquitinated HDAC2 

relative to controls, whereas overexpression of the RNF125 RING mutant inhibited HDAC2 

non-canonical ubiquitination (Fig. 5I). Likewise, RNF125 inhibition reduced the degree of 

endogenous HDAC2 K63-linked ubiquitination in both the human MiaPaCa-2 and mouse KPC 

cells (Fig. S6C-D), while no changes were detected in the levels of HDAC2 K48-ubiquitination 

(Fig. S6E). Expression of a K63R mutant form of ubiquitin, which should selectively block 

K63-linked ubiquitin chain, decreased the degree of RNF125-dependent HDAC2 ubiquitination 

(Fig. S6F).   

 

Given that HDAC2 reportedly represses transcription41, and since HDAC2 was subjected to 

K63 ubiquitination, we assessed effects of HDAC2 on PDX1 expression. Inhibition of HDAC2 

expression with shRNA in KPC organoids led to increased PDX1 expression, which was 

unchanged following RNF125 inhibition (Fig. 6A). Similarly, HDAC2 knockdown in human 

PDA cells also increased PDX1 protein levels concomitant with increased histone H3K27 

acetylation (Fig. S7A). Chromatin IP analysis also revealed enrichment of HDAC2 on the PDX1 

promoter, which coincided with lower levels of H3K9ac and H3K27ac on PDX1 promoter (Fig. 

6B-C).  

 

Notably, attenuated HDAC2 expression by itself significantly inhibited the proliferation of 

PDA cell lines and organoids (Figs. 6D-E). In addition, in organoid cultures, reduced HDAC2 
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rescued changes seen after RNF125 knockdown, namely, increased organoid proliferation a 

(Fig.  S7B). Furthermore, ectopic expression of K63R mutant ubiquitin, which attenuates the 

formation of K63 ubiquitin chains, restored the degree of H3K27 acetylation and blocked 

increases in PDX1 expression seen following RNF125 expression (Fig. 6F). Correspondingly, 

orthotopic injection of KPC organoids subjected to HDAC2 knockdown resulted in smaller and 

more differentiated tumors relative to control tumors (Fig. 6G). Notably, HDAC2 knockdown 

tumors also showed increased PDX1 expression independent of RNF125 manipulation, 

confirming the role of HDAC2 in the regulation of PDX1 expression (Figs. 6G, 6H, S7C). High 

expression of HDAC2 and RNF125 in PDA specimens also correlated with improved patient 

survival, an effect not seen when only HDAC2 was queried, further suggesting that HDAC2 is 

required for RNF125-related outcomes (Fig. 6I).   

 

 

Discussion 

Understanding mechanisms that underlie different phases of PDA development and progression 

is key to developing novel treatment modalities for this therapy-resistant tumor.  Here, we 

identified a role for the ubiquitin ligase RNF125 in normal pancreas and in PDA development.  

 

Relatively higher expression of RNF125 was seen in acinar cells, suggesting that this ubiquitin 

ligase functions in normal pancreas development or homeostasis. During pancreas 

transformation and PDA, RNF125 expression was reduced and was predominantly cytosolic, 

suggesting that pancreatic transformation either requires reduced RNF125 expression, or its 

nuclear exclusion, or both. Finding that RNF125 loses its nuclear function during PDA 

formation is consistent with the observation that RNF125 inhibition accelerates growth of PDA 

cell lines in culture and growth of PDA in vivo. Nuclear exclusion of RNF125 is likely 

maintained by post-translational modifications during the course of PDA formation and may 

linked with the reduced level of RNF125 expression.  

 

Our studies further demonstrate that RNF125 indirectly regulates expression of the PDA-

associated transcription factor PDX1. Evidence supporting the importance of RNF125 and its 

regulation of PDX1 for PDA development comes from our rescue studies showing that PDX1 
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overexpression restores phenotypes seen upon RNF125 knockdown, both in organoids and in 

orthotopic tumor models.  

 

Notably, our studies identified HDAC2 as an RNF125 substrate, and suggest that HDAC2 

activity is regulated by RNF125-mediated K63-linked ubiquitination. Ubiquitination by 

RNF125 altered HDAC2 activity, as reflected by histone acetylation of the PDX1 promoter 

region, an activity that may have also been impacted by reduced HDAC2 recruitment to that 

promoter. Notably, we confirmed a link between HDAC2 and PDX1 in series of studies 

performed in both KPC organoids and in orthotopic tumor xenografts, in which HDAC2 

inhibition rescued growth phenotypes observed following RNF125 inhibition. RNF125 control 

of HDAC2 activity likely regulates transcription of genes other than PDX1, consistent with our 

finding of altered transcription of other pancreatic differentiation factors in RNF125 KO mice.  

Accordingly, better prognosis seen in patients whose PDA specimens harbor elevated RNF125 

and HDAC2 expression suggests that components of a transcriptional network along this 

regulatory axis could serve as markers for PDA development and in stratifying patients for 

treatment with HDACi.  

 

Relatively lower RNF125 levels were observed in PDA compared to healthy tissues, as was an 

inverse correlation between RNF125 expression and differentiation grade of human tumors and 

patient survival. Correspondingly, reducing RNF125 expression increased tumor growth, a 

phenotype significantly attenuated after either PDX1 overexpression or, more effectively, 

HDAC2 knockdown. Thus, our work reveals a mechanism controlling PDX1 suppression by 

HDACs, that may underlie dedifferentiation and cell transformation. Would HDACi offer a 

novel therapeutic modality for PDA? Our findings support such a possibility, which should be 

further confirmed experimentally. For one, potential use of domatinostat, a class I HDAC 

inhibitor, which is currently being evaluated against microsatellite stable colorectal cancer in 

clinical trials (NCT03812796), could also be evaluated in RNF125 low-expressing PDAs.    

 

In summary, our data suggest that HDAC2 inhibition by RNF125 plays a critical role in 

maintaining acinar differentiation in the exocrine pancreas. We conclude that RNF125 
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deregulation is important driver of pancreatic transformation, through its control of HDAC2 

activity and transcriptional regulation of key factors in PDA, including PDX1.   
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Materials and Methods 

 

Human specimens and pancreatic cancer tissue microarray. All human experiments were 

approved by the institutional review board (0041-17-RMB) at the Rambam Medical Center, 

Haifa, Israel. Patients provided written informed consent and were de-identified. Pancreatic 

cancer tissue samples (N=33) with paired adjacent normal pancreas were obtained from 

metastasis free patients undergoing pancreatic resection. All clinical cases were reviewed by an 

expert pancreatic oncologist (R.A.) who selected cases based on sufficient clinical data, 

accurate determination of recurrence time, and complete follow-up. Material received was 

frozen in -800C for protein and RNA analysis, while formalin-fixed tissue was used for 

immunohistochemistry. Confirmation of tumor or normal tissue, and of differentiation grade, 

was based on pathological assessment using H&E-stained formalin-fixed tissue. Stained slides 

were interpreted by a dedicated pancreatic pathologist, and only samples verified to have clear 

PDA morphology were further evaluated. Clinical-pathological data accompanying the samples 

included age, sex, clinical stage, differentiation grade, and overall survival (Table 1). A 

pancreatic cancer tissue microarray (TMA) was purchased from Biomax US. Clinical-

pathological data accompanying TMA samples included age, sex, clinical stage, and 

differentiation grade (Table 2). 
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Animal studies. All animal experiments were reviewed and approved by the SBP IACUC 

(AUC 18-001). Heterozygous RNF125KO mice were purchased from Eucomm. Wild-type 

C57BL/6J male mice were purchased from the Jackson Laboratory. For animal studies, male 

mice of similar age (6 to 8 weeks) were used. For orthotopic injection of KPC cells, shaved 

mice were anesthetized using continuous isoflurane, and their abdomen was sterilized. An upper 

left laparotomy (5-10 mm) exposed the peritoneal cavity, allowing exposure of the pancreas for 

injection of KPC organoids (which originated from a single matrigel dome containing 1x105 

cells suspended in 30 μl sterile PBS). Successful injection was confirmed by formation of a 

liquid bleb at the injection site with no fluid leakage. The pancreas was then placed back into 

the peritoneal cavity. The peritoneum was sutured by a single 5-0 silk suture, and skin was 

closed by clipping. After mice were sacrificed, tumors were removed and frozen for protein and 

RNA extraction or fixed in formalin (for immunohistochemistry and immunofluorescence).  

 

Cell lines. The human pancreatic cancer cell line Mia PaCa-2 was kindly provided by the G. 

Powis laboratory (SBP), and T3M4 was kindly provided by the M. Korc laboratory (UI). Panc-

1, BxPC-3, AsPC-1, HPAF-II, CFPAC-1, Capan-1, Capan-2 and human pancreatic ductal 

epithelium (HPDE) cells were kindly provided by the A. Lowy group (UC San Diego). Cells 

derived from a primary pancreatic KPC tumor (Kras+/LSL-G12D;Trp53+/LSL-R172H;Pdx-Cre) were 

generated by the D. Tuveson group (CSHL) and maintained as orthotopically-injected tumors42. 

Human PDA lines were cultured as recommended by ATCC. HPDE were cultured in 

keratinocyte serum free (KSF) medium supplemented with EGF. KPC cells were cultured in 

Dulbecco’s modified eagle medium (DMEM) supplemented with fetal bovine serum (FBS, 10% 

v/v), penicillin and streptomycin.  

 

Organoid culture. Organoids were prepared as described43. Briefly, bulk orthotopic KPC 

tumors were minced and digested overnight with collagenase XI and dispase, washed, counted, 

embedded in growth factor-reduced (GFR) matrigel (Corning, 1 x 105 cells suspended in a 50μl 

matrigel dome), and cultured in murine complete medium [Advanced DMEM/F12 medium 

supplemented with HEPES (1x, Corning), Glutamax (1x, Gibco), penicillin/streptomycin (1x, 

Gibco), B27 (1x, Invitrogen), N-acetyl-L-cystenine (1mM, Sigma), A83-01 (500 nM, Sigma), 

RSPO-1 conditioned medium (10% v/v, Cultrex® Rspo1 produced by HEK293T cells, 
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Trevigen), mNoggin (0.1 μg/ml, Peprotech), mouse epidermal growth factor (mEGF, 50 ng/ml), 

Gastrin-I (10nM, Peprotech), human fibroblast growth factor 10 (hFGF10, 100 nm/ml, 

Peprotech), and nicotinamide (10 mM, Sigma)]. To isolate protein or RNA, or for orthotopic 

injection of organoids, matrigel was manually disrupted in cold PBS at indicated time points, 

and organoids were washed and collected. For organoid immunofluorescence and 

immunohistochemistry, the matrigel dome was fixed in formalin, embedded and cut.  

 

Cycloheximide chase assay. Cycloheximide chase was performed as previously described44. 

Briefly, cycloheximide (50 μg/ml) was added to cells for indicated times, and cell lysates were 

analyzed with indicated antibodies.  

 

Cell viability assay in 2D culture. Cell growth was assayed using the standard trypan blue 

exclusion assay or ATPlite (Perkin Elmer). Briefly, 4 hours after transfection, PDA cells were 

washed, harvested, and cultured in 96-well plates with a transparent bottom (5,000 cells/well). 

For paclitaxel treatment, drug was added 24 hours after seeding, and then cells were incubated 

48 hours. Cell growth or viability was measured using ATPlite, and results were quantified by 

monitoring luminescence intensity or examining trypan blue incorporation using automated cell 

counter (Countess II FL, Life Technologies). 

 

Colony-forming and sphere-forming assays. For colony-forming assays, 500 or 1,000 PDA 

cells were seeded in a 6-well plate, and wells were monitored daily by microscopy for colony 

formation. After 10 days, colonies were visualized by crystal violet staining (Sigma). Colony 

number was analyzed using ImageJ software (NIH). For spheroids formation, 24 hours after 

indicated transfections, 200 KPC cells in 20 μl medium were seeded in a V-shape 60-well 

polystyrene mini tray (Nunc). The plate was placed upside down in incubator to allow the 

formation of hanging drop spheroids. At day 4, spheres were visualized by microscopy and 

counted.  

 

Antibodies. The following antibodies were used: RNF125 (Sigma; #HPA041514, western blot 

dilution 1:1000, immunohistochemistry and immunofluorescence dilution 1:100; Abcam; 

#ab74373, western blot dilution 1:1000, immunohistochemistry and immunofluorescence 
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dilution 1:100), FLAG (Sigma; #SAB4200071, western blot dilution 1:5000), GAPDH and 

Tubulin (Santa Cruz; #sc-47724 and #sc-8035 respectively, western blot dilution 1:2500), pan-

keratin (Dako; #M3515, IHC dilution 1:100), Ki67(Abcam; #ab15580, IHC dilution 1:100), 

Cytokeratin-19(CK19, Abcam; #ab52625. IHC dilution 1:100), alpha smooth muscle actin 

(αSMA, Santa Cruz; #sc-53015, IHC dilution 1:100), PDX1 (Cell Signaling; #5679S, western 

blot dilution 1:1000, IHC dilution 1:100; R&D Systems; AF2517, IF dilution 1:100), NR5A2 

(Invitrogen; #DA5-28347, western blot dilution 1:1000, IHC/IF dilution 1:100; Santa Cruz; #sc-

393369, western blot dilution 1:1000), and HDAC2 (Cell Signaling; #2450S, western blot 

dilution 1:1000, IHC/IF dilution 1:100,  ChIP grade #D6S5P). LC3B (#3868S), cleaved 

caspase-3 (#9661), K63-linkage polyUb (#5621S), K48-linkage polyUb (#4289S), Histone H3 

(#3638T), H3K27Ac (#8173S), H3K9Ac (#9649) antibodies were purchased from Cell 

Signaling and used at 1:1000 dilution for western blot. 

 

Immunohistochemistry. Sections (5 µM) were cut using a Leica Microsystems cryostat, 

transferred onto Superfrost-Plus slides (Thermo Fisher Scientific) and stained for H&E. For 

immunohistochemistry, sections were deparaffinized and rehydrated, and antigen was retrieved 

using Dako target-retrieval solution (Dako). Endogenous peroxidase activity was quenched by 

incubation with 3% hydrogen peroxide for 30 min. Specimens were incubated with different 

antibodies, diluted in Dako antibody diluent overnight at 40C, washed 3 times with PBS/0.03% 

Tween-20, and incubated with Dako-labelled polymer-HRP for 1 h at room temperature. 

Following 3 washes with PBS containing 0.03% Tween-20, sections were incubated with 3,3’-

diaminobenzidine chromogen and counterstained with hematoxylin. 

 

Immunofluorescence. After deparaffinization and antigen retrieval, slides were washed in 

water followed by PBS, incubated in 0.05% Tween for 15 minutes, and blocked in 10% goat 

serum (1 hr at room temperature). Slides were then incubated with diluted primary antibody 

(1:100) in Dako antibody diluent overnight. After 3 PBS washes, slides were incubated with 

diluted (1:200) secondary antibody for 45 minutes. Following another round of PBS washing, 

slides were incubated with DAPI for 10 minutes (1:5000 in PBS), washed with PBS, and covered 

with coverslips in hard mounting medium. Immunofluorescence-stained slides were visualized 

using a fluorescence microscope with an Aperio slide scanner. 
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Immunoprecipitation and immunoblotting. To detect protein interactions, cell lysates were 

prepared using 1% Triton-lysis buffer (50 mM Tris-HCl [pH 7.4] and 150 mM NaCl, 1 mM 

EDTA, 1% [v/v] Triton X-100), which included a mixture of protease and phosphatase 

inhibitors (HaltTM, Thermo Scientific). To differentiate cytosolic from nuclear fractions, 

fractionation was carried out using a subcellular protein fractionation kit (Thermo Scientific 

Pierce) according to the manufacturer’s instructions. To immunoprecipitate HDAC2 and 

RNF125, lysates pre-cleared with Protein A/G agarose beads (Santa Cruz) were incubated with 

indicated antibodies overnight at 40C. Protein A/G agarose beads were added for an additional 

2 hr at 40C to capture complexes. To immunoprecipitate FLAG-tagged RNF125, lysates were 

incubated with anti-FLAG M2 affinity beads (Sigma) for 2 hr at 40C. Beads were washed with 

lysis buffer, boiled in Laemmli buffer, and subjected to SDS-PAGE. For immunoblotting, cells, 

organoids, or tissue lysates were prepared using RIPA buffer (50 mM Tris-HCl [pH7.4], 1% 

[v/v] NP-40, 0.1% [w/v] sodium deoxycholate, 0.1% [w/v] SDS, 150 mM NaCl, 1 mM EDTA, 

plus a protease inhibitor cocktail 16 and PhoStop 16). Imaging of immunoblots was performed 

using a ChemiDoc™ imaging system (BioRad) and respective HRP-conjugated antibodies.  

 

siRNA and DNA constructs, transfection and transduction. siRNA targeting human 

RNF125 (#1; SASI_Hs01_00176610, #2; SASI_Hs01_001766112), NR5A2 (#1; 

SASI_Hs01_00061211, #2; SASI_Hs01_00061214), and PDX1(#1; SASI_Hs01_00108076, 

#2; SASI_Hs01_00108080) were purchased from Sigma. shRNA-containing plasmids targeting 

human and mouse RNF125 (Human: #1; TRCN0000004231, #2; TRCN0000004234. Mouse: 

#1; TRCN0000106401, #2; TRCN0000106404, PDX1 (Human: #1; TRCN0000015652 , #2; 

TRCN0000014648. Mouse: #1; TRCN0000086029, #2; TRCN0000086031), NR5A2 (Human: 

#1; TRCN0000019656, #2; TRCN0000319345. Mouse: #1; TRCN0000026039, #2; 

TRCN0000025966), and HDAC2 (Human: #1; TRCN0000004819, #2; TRCN0000004820. 

Mouse: #1; TRCN0000039397, #2: TRCN0000039395) were purchased from La Jolla Institute 

for Allergy and Immunology. FLAG-tagged RNF125 wild type (WT) and RING mutant (RM) 

vectors was previously described27. The HDAC2 expression vector was constructed in pLX304-

V5 Gateway vector from pDONR223-HDAC2 (DNASU #HsCD00005288). PDX1 

(Addgene#114304, Addgene#114305), NR5A2 (DNASU#HsCD443475, Addgene#28093) and 
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RFP-tagged histone H2B (Addgene#26001) expressing plasmids were obtained from Addgene 

or DNASU as indicated. Cells (2.5 X 105 per well) were cultured overnight in six-well plates 

and transiently transfected using JetPrime transfection reagent (Polyplus Transfection) 

according to the manufacturer’s instructions. For viral transduction, packaged viral constructs 

were harvested from media of 293T cells 3 days following their transfection (calcium 

phosphate) with the plasmids encoding viral envelope proteins and the viral core construct. 

Target cells were infected with virus particles by spinoculation (1,600 X g for 30 min at room 

temperature) in the presence of 4 μg/ml polybrene (Sigma). Stable clones were established by 

culturing cells in media containing puromycin (1 μg/ml, InvivoGen) or blastocidin (5μg/ml, 

Gibco). 

 

Differential gene expression analysis. To monitor patient survival we followed up the level of 

UBL expression in specimens from pancreatic cancer patients, using data from the Oncolnc 

browser (http://oncolnc.org). TCGA samples were analyzed according to survival with logrank 

analysis. PDA tumor and adjacent normal pancreas mRNA raw expression profiles were 

downloaded from GEO [accession#: GSE16515]. 

 

RT-qPCR analysis. RNA was extracted from cell lines and homogenized tumors using a 

GenElute Mammalian Total RNA Purification Kit (Sigma) according to standard protocols. RNA 

concentration was measured using a NanoDrop spectrophotometer (ThermoFisher). cDNA was 

synthesized from aliquots of 1μg total RNA using a high-capacity cDNA synthesis kit (Applied 

Biosystems). Quantitative PCR was performed with SYBR Green I dye master mix (BioRad) and 

a CFX connect Real-Time PCR System (Bio-Rad). Primer sequences are listed in Table S1. Primer 

efficiency was measured in preliminary experiments, and amplification specificity was confirmed 

by dissociation curve analysis. 

 
Mass spectrometry. Mia PaCa-2 cells were transfected with control plasmid (pcDNA3.0 with 

a FLAG-tagged C terminus) or plasmid encoding FLAG-tagged RNF125RM. Cells were lysed 

24 hr after transfection using 1% Triton-lysis buffer (50 mM Tris-HCl [pH 7.4]) and 150 mM 

NaCl, 1 mM EDTA, 1% [v/v] Triton X-100, a protease inhibitor cocktail (Phostop, Roche) and 
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pre-cleared with protein A/G agarose beads (Santa Cruz). IP was performed using FLAG-M2-

agarose beads (Sigma). Beads were then resuspended with 8M urea, 50 mM ammonium 

bicarbonate, and processed for LC-MS/MS analysis using a nanoACQUITY system (Waters) 

coupled to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific) as previously 

described45. All mass spectra were analyzed with MaxQuant software version 1.5.5.1. MS/MS 

spectra were searched against the Homo sapiens Uniprot protein sequence database (version 

January 2018) and GPM cRAP sequences (commonly known protein contaminants). Post-search 

data analysis was performed with R-64 bit version 3.5.1, including the R Bioconductor packages 

such as limma and MSstats.  
 

Chromatin immunoprecipitation assay (ChIP). KPC cells (4 x 106 per immunoprecipitation) 

were fixed in 1% formaldehyde in PBS for 10 minutes at room temperature and then incubated 

with 0.125 M glycine for 5 minutes. Cells were washed with PBS, incubated in lysis buffer (50 

mM Tris-HCl, pH 8.0, 1% SDS, 10 mM EDTA), and sonicated on ice to shear the DNA into 

approximately 500-bp fragments. The sonicate was centrifuged, and the supernatant was 

precleared by incubation with protein A/G beads (Santa Cruz Biotechnology Inc.) on a rotating 

platform at 40C for 1 hour. Control IgG or appropriate primary antibody was added and incubated 

overnight at 40C. Protein A/G was added, and the mixture incubated at 40C for 2 hours.  Beads 

were washed sequentially with low-salt buffer (20 mM Tris-HCl, pH 8.0, 0.1% SDS, 1% Triton 

X-100, 2 mM EDTA, 150 mM NaCl), high-salt buffer (as for low salt except 500 mM NaCl), and 

LiCl wash buffer (10 mM Tris-HCl, pH 8.0, 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 

mM EDTA). Chromatin was eluted in 120 µl elution buffer (1% SDS, 100 mM NaHCO3) for 15 

minutes at 300C. Samples were centrifuged, and the supernatant was mixed with 4.8 µl of 5 M 

NaCl and incubated overnight at 650C. RNase A (2 µl of 10 mg/ml) and proteinase K (2 µl of 20 

mg/ml) were added, and the sample was incubated with gentle shaking 1 hour at 450C and then 

extracted with phenol/chloroform to isolate DNA. Samples were subjected to qPCR to detect the 

PDX1 promoter region, with RPL30 (#7015 Cell Signaling) serving as internal control, using 

primers shown in table S1. 
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Statistics and reproducibility. Statistical significance between two groups was assessed by an 

unpaired Student’s t-test. Ordinary one-way analysis of variance (ANOVA) was used to analyze 

more than two groups. Two-way ANOVA was used to analyze cell proliferation at multiple 

timepoints. GraphPad Prism 7 and 8 software (GraphPad) were used for all statistical 

calculations. All cell culture experiments were performed 3 times, except for the MS candidates 

screened for effect on PDX1 (Fig. 6B), which was performed 2 times. Data are presented as 

means ± SD (as noted in figure legends), and P values <0.05 were considered statistically 

significant.  

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


 21 

References 
1 Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2019. CA Cancer J Clin 69, 7-34, 

doi:10.3322/caac.21551 (2019). 

2 Sahin, I. H., Iacobuzio-Donahue, C. A. & O'Reilly, E. M. Molecular signature of pancreatic 

adenocarcinoma: an insight from genotype to phenotype and challenges for targeted therapy. Expert 

Opin Ther Targets 20, 341-359, doi:10.1517/14728222.2016.1094057 (2016). 

3 Bhattacharyya, S. et al. Altered hydroxymethylation is seen at regulatory regions in pancreatic 

cancer and regulates oncogenic pathways. Genome Res 27, 1830-1842, doi:10.1101/gr.222794.117 

(2017). 

4 Chang, S., Yim, S. & Park, H. The cancer driver genes IDH1/2, JARID1C/ KDM5C, and UTX/ 

KDM6A: crosstalk between histone demethylation and hypoxic reprogramming in cancer 

metabolism. Exp Mol Med 51, 66, doi:10.1038/s12276-019-0230-6 (2019). 

5 Biondani, G. et al. Extracellular matrix composition modulates PDAC parenchymal and stem cell 

plasticity and behavior through the secretome. FEBS J 285, 2104-2124, doi:10.1111/febs.14471 

(2018). 

6 Dauer, P. et al. ER stress sensor, glucose regulatory protein 78 (GRP78) regulates redox status in 

pancreatic cancer thereby maintaining "stemness". Cell Death Dis 10, 132, doi:10.1038/s41419-

019-1408-5 (2019). 

7 Pathria, G. et al. Translational reprogramming marks adaptation to asparagine restriction in cancer. 

Nat Cell Biol, doi:10.1038/s41556-019-0415-1 (2019). 

8 Shi, M. et al. A novel KLF4/LDHA signaling pathway regulates aerobic glycolysis in and 

progression of pancreatic cancer. Clin Cancer Res 20, 4370-4380, doi:10.1158/1078-0432.CCR-

14-0186 (2014). 

9 Crawford, H. C., Pasca di Magliano, M. & Banerjee, S. Signaling Networks That Control Cellular 

Plasticity in Pancreatic Tumorigenesis, Progression, and Metastasis. Gastroenterology 156, 2073-

2084, doi:10.1053/j.gastro.2018.12.042 (2019). 

10 Shi, G. et al. Maintenance of acinar cell organization is critical to preventing Kras-induced acinar-

ductal metaplasia. Oncogene 32, 1950-1958, doi:10.1038/onc.2012.210 (2013). 

11 Strobel, O. et al. In vivo lineage tracing defines the role of acinar-to-ductal transdifferentiation in 

inflammatory ductal metaplasia. Gastroenterology 133, 1999-2009, 

doi:10.1053/j.gastro.2007.09.009 (2007). 

12 Kopp, J. L. et al. Identification of Sox9-dependent acinar-to-ductal reprogramming as the principal 

mechanism for initiation of pancreatic ductal adenocarcinoma. Cancer Cell 22, 737-750, 

doi:10.1016/j.ccr.2012.10.025 (2012). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


 22 

13 Prevot, P. P. et al. Role of the ductal transcription factors HNF6 and Sox9 in pancreatic acinar-to-

ductal metaplasia. Gut 61, 1723-1732, doi:10.1136/gutjnl-2011-300266 (2012). 

14 Wei, D. et al. KLF4 Is Essential for Induction of Cellular Identity Change and Acinar-to-Ductal 

Reprogramming during Early Pancreatic Carcinogenesis. Cancer Cell 29, 324-338, 

doi:10.1016/j.ccell.2016.02.005 (2016). 

15 Hale, M. A. et al. The homeodomain protein PDX1 is required at mid-pancreatic development for 

the formation of the exocrine pancreas. Dev Biol 286, 225-237, doi:10.1016/j.ydbio.2005.07.026 

(2005). 

16 Bailey, P. et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 531, 

47-52, doi:10.1038/nature16965 (2016). 

17 Cobo, I. et al. Transcriptional regulation by NR5A2 links differentiation and inflammation in the 

pancreas. Nature 554, 533-537, doi:10.1038/nature25751 (2018). 

18 von Figura, G., Morris, J. P. t., Wright, C. V. & Hebrok, M. Nr5a2 maintains acinar cell 

differentiation and constrains oncogenic Kras-mediated pancreatic neoplastic initiation. Gut 63, 

656-664, doi:10.1136/gutjnl-2012-304287 (2014). 

19 Benod, C. et al. Nuclear receptor liver receptor homologue 1 (LRH-1) regulates pancreatic cancer 

cell growth and proliferation. Proc Natl Acad Sci U S A 108, 16927-16931, 

doi:10.1073/pnas.1112047108 (2011). 

20 Hou, P. et al. USP21 deubiquitinase promotes pancreas cancer cell stemness via Wnt pathway 

activation. Genes Dev 33, 1361-1366, doi:10.1101/gad.326314.119 (2019). 

21 Jin, X. et al. CDK5/FBW7-dependent ubiquitination and degradation of EZH2 inhibits pancreatic 

cancer cell migration and invasion. J Biol Chem 292, 6269-6280, doi:10.1074/jbc.M116.764407 

(2017). 

22 Qi, J. et al. The E3 ubiquitin ligase Siah2 contributes to castration-resistant prostate cancer by 

regulation of androgen receptor transcriptional activity. Cancer Cell 23, 332-346, 

doi:10.1016/j.ccr.2013.02.016 (2013). 

23 Senft, D., Qi, J. & Ronai, Z. A. Ubiquitin ligases in oncogenic transformation and cancer therapy. 

Nat Rev Cancer 18, 69-88, doi:10.1038/nrc.2017.105 (2018). 

24 Perez-Mancera, P. A. et al. The deubiquitinase USP9X suppresses pancreatic ductal 

adenocarcinoma. Nature 486, 266-270, doi:10.1038/nature11114 (2012). 

25 Yu, C., Chen, S., Guo, Y. & Sun, C. Oncogenic TRIM31 confers gemcitabine resistance in 

pancreatic cancer via activating the NF-kappaB signaling pathway. Theranostics 8, 3224-3236, 

doi:10.7150/thno.23259 (2018). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


 23 

26 Zhang, Q., Meng, Y., Zhang, L., Chen, J. & Zhu, D. RNF13: a novel RING-type ubiquitin ligase 

over-expressed in pancreatic cancer. Cell Res 19, 348-357, doi:10.1038/cr.2008.285 (2009). 

27 Kim, H. et al. Downregulation of the Ubiquitin Ligase RNF125 Underlies Resistance of Melanoma 

Cells to BRAF Inhibitors via JAK1 Deregulation. Cell Rep 11, 1458-1473, 

doi:10.1016/j.celrep.2015.04.049 (2015). 

28 Arimoto, K. et al. Negative regulation of the RIG-I signaling by the ubiquitin ligase RNF125. Proc 

Natl Acad Sci U S A 104, 7500-7505, doi:10.1073/pnas.0611551104 (2007). 

29 Hao, Q. et al. A non-canonical role of the p97 complex in RIG-I antiviral signaling. EMBO J 34, 

2903-2920, doi:10.15252/embj.201591888 (2015). 

30 He, M. et al. Intrinsic apoptosis shapes the tumor spectrum linked to inactivation of the 

deubiquitinase BAP1. Science 364, 283-285, doi:10.1126/science.aav4902 (2019). 

31 Ju, W. et al. Identification of genes with differential expression in chemoresistant epithelial ovarian 

cancer using high-density oligonucleotide microarrays. Oncol Res 18, 47-56 (2009). 

32 Jeon, Y. J. et al. Regulation of glutamine carrier proteins by RNF5 determines breast cancer 

response to ER stress-inducing chemotherapies. Cancer Cell 27, 354-369, 

doi:10.1016/j.ccell.2015.02.006 (2015). 

33 Li, L. et al. Ubiquitin ligase RNF8 suppresses Notch signaling to regulate mammary development 

and tumorigenesis. J Clin Invest 128, 4525-4542, doi:10.1172/jci120401 (2018). 

34 Thomas, J. J. et al. RNF4-Dependent Oncogene Activation by Protein Stabilization. Cell Rep 16, 

3388-3400, doi:10.1016/j.celrep.2016.08.024 (2016). 

35 Liu, L. et al. RNF6 Promotes Colorectal Cancer by Activating the Wnt/beta-Catenin Pathway via 

Ubiquitination of TLE3. Cancer Res 78, 1958-1971, doi:10.1158/0008-5472.Can-17-2683 (2018). 

36 Wu, B. et al. Ring Finger Protein 14 is a new regulator of TCF/beta-catenin-mediated transcription 

and colon cancer cell survival. EMBO Rep 14, 347-355, doi:10.1038/embor.2013.19 (2013). 

37 Kabir, S. et al. The CUL5 ubiquitin ligase complex mediates resistance to CDK9 and MCL1 

inhibitors in lung cancer cells. Elife 8, doi:10.7554/eLife.44288 (2019). 

38 Rodrigues-Lisoni, F. C. et al. Genomics and proteomics approaches to the study of cancer-stroma 

interactions. BMC Med Genomics 3, 14, doi:10.1186/1755-8794-3-14 (2010). 

39 Giannini, A. L., Gao, Y. & Bijlmakers, M. J. T-cell regulator RNF125/TRAC-1 belongs to a novel 

family of ubiquitin ligases with zinc fingers and a ubiquitin-binding domain. Biochem J 410, 101-

111, doi:10.1042/BJ20070995 (2008). 

40 Roy, N. et al. PDX1 dynamically regulates pancreatic ductal adenocarcinoma initiation and 

maintenance. Genes Dev 30, 2669-2683, doi:10.1101/gad.291021.116 (2016). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


 24 

41 Fritsche, P. et al. HDAC2 mediates therapeutic resistance of pancreatic cancer cells via the BH3-

only protein NOXA. Gut 58, 1399-1409, doi:10.1136/gut.2009.180711 (2009). 

42 Cook, N. et al. Gamma secretase inhibition promotes hypoxic necrosis in mouse pancreatic ductal 

adenocarcinoma. J Exp Med 209, 437-444, doi:10.1084/jem.20111923 (2012). 

43 Boj, S. F. et al. Organoid models of human and mouse ductal pancreatic cancer. Cell 160, 324-338, 

doi:10.1016/j.cell.2014.12.021 (2015). 

44 Kim, H. et al. Siah2 regulates tight junction integrity and cell polarity through control of ASPP2 

stability. Oncogene 33, 2004-2010, doi:10.1038/onc.2013.149 (2014). 

45 Reina-Campos, M. et al. Increased Serine and One-Carbon Pathway Metabolism by 

PKClambda/iota Deficiency Promotes Neuroendocrine Prostate Cancer. Cancer Cell 35, 385-400 

e389, doi:10.1016/j.ccell.2019.01.018 (2019). 

 

 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


 25 

Figure Legends 

 

Fig. 1. Rnf125-/- mice exhibit smaller pancreata and impaired acinar differentiation. (A) 

Scheme showing the targeting vector used for Rnf125 deletion, present in the Rnf125-/- mice. (B) 

Western blot confirming RNF125 loss in pancreas of Rnf125-/- mice. (C) left, Pictures of pancreata 

from 6-week-old WT and Rnf125-/- mice (scale = 1 cm); right, quantification of pancreas weight 

(n=3, each point represents a different mouse). Student’s t-test was used to calculate statistical 

significance. (D) Relative transcript levels in acinar related genes in pancreata of WT, Rnf125-/-, 

or heterozygous mice (E) Relative expression of transcripts associated with ductal differentiation 

in samples outlined in panel D (n=3, results represent means ± SD). Statistical significance was 

calculated using one-way ANOVA. (F) Relative transcript levels of indicated genes functioning 

in endocrine and/or exocrine function in pancreata of WT, Rnf125-/- (n=3, results are means ± 

SEM) (G) Fasting plasma glucose levels in indicated mice (n=4, each point represents a different 

mouse). Statistical significance was calculated using one-way ANOVA. (H) left, Pan-Keratin 

staining of pancreas from indicated genotypes. Left scale bars, 1mm; right scale bars, 100μm. right, 

Quantification of the number of ductal structures (n=2). HPF = high power field. Student’s t-test 

was used to calculate statistical significance. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001, NS 

– nonsignificant. 

 

Fig. 2. RNF125 attenuates growth of pancreatic cancer organoids and orthotopic tumors. (A) 

left, Representative pictures of 7-day-old KPC organoids in indicated RNF125 genetic 

backgrounds, in brightfield (upper row, nuclei are RFP-tagged), and stained with H&E (middle 

row) and Ki67 (lower row). RNF125RM (RNF125 RING finger mutant) right, Western blot 

confirming RNF125 status (upper), as well as quantification of nuclei (middle) and Ki67-positive 

nuclei (lower) per organoid (n=25 organoids per condition). Scale bar, 100µm. (B) left, 

Representative pictures of orthotopic pancreatic tumors 3 weeks after injection of Scr- or 

shRNF125-transduced KPC cells. right, Tumor weight (n=6 per group). (C) Survival of mice 

harboring KPC orthotopic tumors of indicated genotype. Kaplan-Meier analysis and log-rank test 

were used, P = 0.0324. (D) Upper, Analysis of control (Scr) and Rnf125KD tumors by indicated 

staining. Scale bars = 400 μm and 100 μm (insets). E) relative αSMA index in representative 

tumors (n=4) from the indicated groups (Scr, shRNF125#1, shRNF125#2). (F) Differentiation 
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grade of orthotopic tumors in the indicated groups (n=8 per group). (G) Western blot depicts 

cleaved caspase 3 levels in representative tumors (n=2) from each group (Scr, shRNF125#1, 

shRNF125#2). (H) Relative expression of indicated transcripts marking the EMT in tumors of 

different genotype (n=3, results are means ± SD). Statistical significance was calculated using two-

way ANOVA. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001, NS – nonsignificant. 

 

 

Fig. 3. RNF125 regulates PDX1 and NR5A2 transcript levels in pancreatic cancer cells. (A) 

Quantification of indicated genes in RNF125Low vs RNF125High patient samples. Statistical 

analysis by single-tailed Student’s t-test(n = 3 per group). (B) IHC staining of indicated proteins 

in 7-day-old KPC organoids of control (Scr), shRNF125 (#1 or #2) or RNF125RM (RING finger 

mutant); Scale bars = 300 μm (right), 50 μm (insets). Arrowheads indicate positive (filled) or 

negative (empty) nuclei stain. (C) Left, IHC staining with indicated proteins of KPC orthotopic 

tumors. Scale bars = 400 μm (upper panels) and 100 μm (insets). Right, Quantification of results 

from 25 fields from 2 representative mice per group. Student’s t-test was used to calculate 

statistical significance. ***P<0.005. (D) Left, IHC staining with indicated markers in RNF125Low 

(n=17) vs. RNF125High (n=4) human PDA samples. PDX1-negative (black arrowheads) and -

positive (blue arrowheads) nuclei are marked. Scale bars = 400 μm (upper panels) and 75 μm 

(insets). Student’s t-test was used to calculate statistical significance. *P<0.05. (E) Western blot 

analysis with indicated antibodies in Mia PaCa-2 cells co-transfected with shRNF125 plasmid, 

which targets the 3’UTR region, and either wild type (WT) or RING mutant (RM) forms of 

RNF125, both of which lack that region. (F) RNF125 expression in four different pancreatic cancer 

subtypes based on19. Statistical significance was calculated using one-way ANOVA.  (G) Right, 

representative PDX1 staining in normal human pancreas (NP) and in PanIN and PDA specimens. 

Black arrowheads indicate PDX1-positive nuclei. Scale 100 μM. Left, quantification of staining 

(n=3; 10 fields counted for each) (H) Representative PDX1 staining in pancreatic samples from 3-

month-old KPC mice, showing normal pancreas (N) and PanIN (P). Scale = 50 μM (PDX1).(I) 

Kaplan-Meier plot comparing PDA patients with PDX1High versus PDX1Low tumors; two-sided 

log-rank P = 0.0069. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001, NS – nonsignificant. 
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Fig. 4. PDX1 but not NR5A2 rescues RNF125 knockdown phenotypes in PDA cells. (A) top, 

Representative Ki67 staining in 48-hour-old KPC organoids transduced with shContol (upper row) 

or shRNF125 (lower row), and overexpressing empty vector (EV; left), or PDX1 (right). Scale bar, 

50μm. Bottom, number of Ki67-positive nuclei per organoid in corresponding conditions (B) left, 

Representative KPC orthotopic tumors, 3 weeks after injection of cells corresponding to those 

shown in (A). right, Tumor weights in corresponding conditions (n=8 mice per group). (C) IHC 

analysis of tumors corresponding to those shown in panel B with indicated staining. 

 

Fig. 5. HDAC2 is an RNF125 substrate. (A) left, LC-MS/MS analysis of cultured Mia PaCa-2 

cells using RNF125RM as bait. right, Networks of nuclear and non-nuclear RNF125 interactors. 

(B) PDX1 transcript levels in Mia PaCa-2 cells transfected with indicated siRNAs. Results are 

means ± SEM in a representative experiment. (C) Validation of RNF125-HDAC2 interaction 

based on western analysis with the indicated antibodies in total lysates, flow-through (FT) and the 

FLAG-immunoprecipitated fraction of Mia PaCa-2 cells expressing empty vector (EV) or FLAG-

tagged RNF125RM. (D) Interaction of endogenous RNF125 with HDAC2 in Mia PaCa-2 and KPC 

cells based on western blotting with an HDAC2 antibody in input and indicated 

immunoprecipitation fractions, and with or without the proteasome inhibitor MG132. (E) Western 

blot of RNF125 in input and indicated immunoprecipitated fractions showing interaction of 

endogenous RNF125 with HDAC2 in the cytoplasm (Cyt) and nucleus (Nuc) of Mia PaCa-2 cells. 

(F) HDAC2 staining of normal pancreas from WT and Rnf125-/- mice. Scale bar in low 

magnification panels, 250μm and in inset, 100 μm. (G) HDAC2 staining of control and shRNF125 

KPC tumors. Scale bar in low magnification panels, 400μm and in inset, 50 μm. (H) HDAC2 

staining in RNF125Low vs. RNF125High human PDA. Scale bar in low magnification panels, 600 

μm and in inset, 150μm. (I) K63 HDAC2 ubiquitination of as analyzed in HEK293T cells 

overexpressing HDAC2, HA-Ub, and different RNF125 levels. IP, HDAC2; immunoblot, anti 

K63-linked Ub antibody.  

 

Fig. 6. HDAC2 regulates PDX1 levels in pancreatic cancer. (A) Immunofluorescence analysis 

of 7-day-old WT, single knockdown, or double knockdown KPC organoids probed with indicated 

antibodies. Scale bar, 100 μm. (B) Relative levels of indicated transcripts on PDX1 promoter 

(shown as % of input), in the ChIP performed in KPC cells. Shown are results represents 2 
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experiments. (C) ChIP analysis reveals relative enrichment of HDAC2 on the PDX1 promoter 

following RNF125 knockdown in KPC cells. Shown are representative data from 2 experiments. 

(D) Proliferation of indicated cell lines shown after transfection with indicated plasmids. One-way 

ANOVA was used to calculate statistical significance at the 96-hour time point. (E) Anchorage-

dependent colony-forming assay of Mia PaCa2 cells after transfection with Scr control or two 

different shHDAC2 plasmids. (F) Western blot analysis of indicated proteins in Mia PaCa-2 cells 

expressing empty vector (EV) or RNF125 in the presence or absence of the K63R Ub mutant. (G) 

Pancreatic tumors 3 weeks after orthotopic injection of Scr-, shRNF125-, shHDAC2-, or 

shRNF125/shHDAC2-transduced KPC cells. n=8. Two-way ANOVA was used to calculate 

statistical significance. (H) RNF125, PDX1, or HDAC2 staining in tumors shown in (G). (I) 

Kaplan-Meier plots for HDAC2High (upper) and HDAC2Low (lower) PDA patients based on 

RNF125 levels.  *P<0.05, **P<0.01, ***P<0.005, ****P<0.001, NS – nonsignificant. 
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Supplementary Figure Legends 

 

Fig. S1. High RNF125 expression in pancreatic cancer is positively correlated with prolonged 

survival.   (A) Analysis of TCGA dataset in terms of gene copy number and expression of RNF125 

and other genes encoding RING finger proteins in cancer, and effects on patient survival.  Kaplan-

Meier analysis and log-rank test were used. (B) RNF125 expression in different human cancers as 

analyzed in the TCGA dataset. (C) RNF125 expression in normal human pancreas (n=16) and in 

PDA specimens (n=36) based on the GSE16515 dataset. Student’s t-test was used to calculate 

statistical significance. *P<0.05, **P<0.01, NS – nonsignificant. 

 

Fig. S2. RNF125 level and localization in normal pancreas and in pancreatic cancer. (A) 

RNF125 staining in two representative samples of normal human pancreas tissue. Acinar (A) and 

ductal (D) structures are indicated.  Scale bar = 500 μm (upper) and 100 μm (insets). (B) left, 

RNF125 staining in two samples of human PDA in RNF125Low (left) and RNF125High (right) 

subgroups. Scale bar, 500μm (upper) and 100μm (insets). Filled arrowheads mark positively 

stained nuclei, empty arrowheads mark negatively stained nuclei. Red arrowheads mark the 

negatively stained stromal component of the tumor. right, Pie chart shows numbers of cases per 

subgroup (upper) and survival in subgroups (lower). (C) left, RNF125 staining in representative 

cases from a pancreatic cancer TMA. right, Graphs depict RNF125 status (upper) and tumor grade 

as a function of RNF125 levels (lower) across all specimens. (D) Western blot analysis of indicated 

proteins in specimens of human normal pancreas, human pancreatic ductal epithelium (HPDE), 

and different human PDA cell lines. (E) Western blot analysis of indicated proteins in cytoplasmic 

and nuclear fractions of specimens from murine normal pancreas, human pancreatic ductal 

epithelium (HPDE), and two human PDA cell lines (Mia PaCa-2, AsPC-1). Histone H3 and tubulin 

serve as controls for nuclear and cytoplasmic fractions, respectively. (F) RNF125 staining in 

human normal pancreas and PanIN. Scale bar, 200 μm (upper) and 40 μm (inset). Arrowheads 

mark positive (filled) or negative (empty) nuclei. (G) RNF125 staining in normal murine pancreas 

and a KPC orthotopic tumor. Scale bar, 500 μm (upper) and 50 μm (lower). 

 

Fig. S3. Functional analysis of RNF125 in PDA. (A) Growth of three indicated lines upon 

transfection with Scr, one of two shRNF125s, RNF125WT or RNF125RM. (B) Sphere-forming 
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capacity of KPC cells transduced with Scr, one of two shRNF125s, RNF125WT or RNF125RM. 

KPC cells were seeded 8 hours after transfection, and spheres counted 72 hours later. Scale bar, 

50μm. (C) left, Plates showing anchorage-dependent colony formation by Mia PaCa-2 or KPC 

cells transduced with constructs described above. right, Quantification of colony formation assay.  

 

Fig. S4. Effects of RNF125 knockdown on the PDA tumor microenvironment (A) Orthotopic 

KPC tumors transduced with Scr or shRNF125 plasmids and stained for indicated markers. Scale 

bar, 400 μm (left panels), 100 μm (insets). (B) Levels of transcripts encoding fibrogenesis factors 

in WT and in two shRNF125-transduced KPC tumors. Results are means ± SEM of 2 different 

tumors per group. (C) Weight of orthotopic KPC tumors 3 weeks after injection into the pancreas 

of WT or Rnf125-/- mice. (D) Indicated staining of KPC tumors grown in WT or Rnf125-/- mice. 

TC, Trichrome.  

 

Fig. S5. RNF125 - PDX1 in pancreatic cancer. (A) Western blot (left) and qPCR (right) analyses 

of PDX1 and NR5A2 levels after RNF125 knockdown. qPCR results are means ± SEM in 1 of 2 

experiments.  (B) TCGA PDA dataset analysis showing combined effect of PDX1 and RNF125 

levels on pancreatic cancer survival and indicating survival of RNF125High/PDX1High (n = 19) 

compared to RNF125Low/PDX1Low (n = 22) patients. Kaplan-Meier analysis and log-rank test were 

used; two-sided log-rank P = 0.0359. (C) Similar analysis for effects of NR5A2 levels on 

pancreatic cancer survival and indicating survival of RNF125High/NR5A2High patients (n = 19) 

versus RNF125Low/NR5A2Low (n = 22) patients. Kaplan-Meier analysis and log-rank test were 

used. NS – nonsignificant. (D) Proliferation of Mia PaCa-2 or Panc-1 lines after knockdown or 

overexpression of PDX1. Data are presented as means ± SEM of 3 different experiments. 

Statistical significance was calculated using two-way ANOVA.  (E) RT-qPCR analysis of 

transcripts encoding EMT markers in Mia PaCa-2 cells 96 hours after transfection with siPDX1. 

Data are representative of 3 different experiments with 3 technical replicates. Statistical 

significance was calculated using two-way ANOVA. (F) RT-qPCR analysis of transcripts 

encoding the EMT markers Ncad or VIM in Mia PaCa-2 cells 96 hours after transfection with 

indicated constructs. Data are representative of 3 different experiments with 3 technical replicates. 

Statistical significance was calculated using two-way ANOVA.  
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Fig. S6. RNF125 interacts with HDAC2 and alters its activity. (A) NR5A2 transcript levels in 

Mia PaCa-2 cells transfected with indicated siRNAs. Results represent mean ± SEM in a 

representative experiment. (B) Western blot analysis of HDAC2 stability in Mia PaCa-2 cells with 

and without RNF125 knockdown. Seventy-two hours after siRNA transfection, cells were treated 

with 20μM cycloheximide for indicated times. (C) Western blot analysis with indicated antibodies 

upon RNF125 knockdown in different cell lines. (D, E) K63 ubiquitination of endogenous HDAC2 

as analyzed in Mia PaCa-2 (D) and KPC (E) cells expressing different levels of RNF125. IP, 

HDAC2; immunoblot, anti K63-linked Ub antibody. (F) K48 ubiquitination of HDAC2 as 

analyzed in HEK293T cells expressing HDAC2 and HA-Ub, under different RNF125 conditions. 

IP, HDAC2; immunoblot, anti K48-linked Ub antibody. (G) K63 ubiquitination of HDAC2 as 

analyzed in HEK293T cells expressing HDAC2, HA-Ub, and RNF125, in the presence or absence 

of K63R. IP, HDAC2; immunoblot, anti K63-linked Ub antibody. *P<0.05, **P<0.01, 

***P<0.005, ****P<0.001, NS – nonsignificant. 

 

Fig. S7. HDAC2 regulates PDX1 and NR5A2 in pancreatic cancer. (A) left, Immunoblotting 

with indicated antibodies and (right) qPCR analysis of PDX1 and NR5A2 transcripts 96 hours 

after transfection of Mia PaCa-2 or Panc-1 cells with Scr, shHDAC2#1, or shHDAC2#2 plasmids. 

qPCR results are means ± SEM in 2 independent experiments. Statistical significance was 

calculated using two-way ANOVA. (B) left, Ki67 stain in 48-hour-old KPC organoids transduced 

with Scr, shRNF125s, shHDAC2, or a shRNF125/shHDAC2 combination. right, Quantification 

of Ki67-positive nuclei. Statistical significance was calculated using one-way ANOVA. Scale bar, 

100µm. (C) CK19, cleaved caspase-3, and Ki67 staining of orthotopic KPC tumors, either control 

or transduced with shRNF125, shHDAC2, or both. *P<0.05, **P<0.01, ***P<0.005, 

****P<0.001, NS – nonsignificant 

 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


A

Nr5a2

Fo
ld

 c
ha

ng
e

0

1

2

3

Pdx1

Fo
ld

 c
ha

ng
e

Gata6 Mist1

0

2

4

6

8

1 0

B
   #10      #24      #31      #11      #27     #30

Rnf125+/+ Rnf125-/-

Rnf125

Tubulin

C

G

H

D

Pan-Keratin

E

F

****

******** **** ** **** **** ****

Amy

F
o

ld
 c

h
a

n
g

e

****

Cpa1

***

Pnlip

****

Chga

*

Ins2

**

Hasnis et al, Figure 1

**

R
nf

12
5+/

+
R

nf
12

5-/-

0

100

200

300

400

P
an

cr
ea

s 
w

t. 
(m

g)

Rnf1
25

+/+

Rnf1
25

-/-

Ptf1a Sox9 Fgf10

0

1

2

0.5

1.5

0

1

2

3

4

5

0

1

2

3

0

1

2

3

0

2

4

6

8

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

0

1

2

0.5

1.5

0

1

0.5

1.5

0

1

0.5

1.5

0

1

0.5

1.5

0

1

0.5

1.5

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

Pl
as

m
a 

gl
uc

os
e 

(m
g/

dl
)

80

100

120

140

160

180

200 NS

Rnf1
25

+/+

Rnf1
25

-/-

Rnf1
25

+/+

Rnf1
25

-/-

K
rt+

 d
uc

ts
 p

er
 H

P
F

0

10

20

5

15

R
nf

12
5+/

+
R

nf
12

5-/-

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


Sc
r

sh
R

N
F1

25

HE CK19 αSMA Masson’s TCKi67
RN

F1
25

RM

sh
RN

F1
25

#1

Sc
r

RN
F1

25
W

T

sh
RN

F1
25

#2

RNF125

Tubulin

Scr shRNF25 #1 shRNF125 #2  RNF125 WT  RNF125 RM

BF
/n

uc
RF

P
   

   
 H

E
   

   
 K

i6
7

0.0

0.5

1.0

1.5

2.0
EV
shRNF125#1
shRNF125#2

A

B C

30 40

Scr
shRNF125#1 (n=8)
shRNF125#2 (n=8)

0 10 20
0

50

100

Days

D

H

          Scr

                   #1

                   #2

   
   

   
  s

hR
N

F1
25

0

500

1000

1500

2000
****

**

   (n=8)   

0
Scr #1

K
i6

7+
 c

el
ls

  P
er

 O
rg

an
oi

d

2

4

6

8

#2 WT RM

shRNF125

30

WT RM
0

10

20

N
uc

le
i P

er
 O

rg
an

oi
d

Scr #1 #2

shRNF125

*******
NS**

*******
NS **

*
*

Tumor   #1     #2    #13   #17  #23   #25
EV        #1       #2

Cl.Cas.3

Tubulin

shRNF125
NS
NS ******** ********

Hasnis et al, Figure 2

sh
RNF12

5 #
1

sh
RNF12

5 #
2Scr

P
er

ce
nt

 s
ur

vi
va

l

Tu
m

or
 w

ei
gh

t (
m

g)

0

1

2

****

sh
RNF12

5 #
1

sh
RNF12

5 #
2

Scr

R
el

at
iv

e 
αS

M
A 

In
de

x

Fo
ld

 c
ha

ng
e

E-ca
d

N-ca
d

Vim
en

tin

0

5

10

Mod-diff
Poor-diff
Necrosis

sh
RNF12

5 #
1

sh
RNF12

5 #
2

Scr

N
o.

 o
f t

um
or

s

E F G

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


N
R

5A
2

P
D

X
1

B

RNF125HighRNF125Low

P
D

X
1

N
R

5A
2

Scr shRNF125

P
D

X
1

N
R

5A
2

D

0

2

4

6

8

10

PDX1
�

0

20

40

60

80

100

NR5A2

IH
C

 s
co

re

NS

NP PanIN PDA

P
D

X
1

shRNF125#1 shRNF125#2  RNF125WT  RNF125RM

G

H PDX1

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

K
P

C

0 1000 2000 3000
0

50

100

Days

PDX1Low (n=33)
PDX1High  (n=142)

P
er

ce
nt

 s
ur

vi
va

l

Scr

Hasnis et al, Figure 3

%
 P

D
X1

-p
os

iti
ve

 n
uc

le
i

%
 N

R
5A

2-
po

si
tiv

e 
nu

cl
ei

%
 P

D
X1

-p
os

iti
ve

 n
uc

le
i

F

5

A
D

E
X

2

3

4

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

RNF125

P
an

cr
ea

tic
P

ro
ge

ni
to

r

Im
m

un
e

S
qu

am
ou

s

NS NS
NS

*
**

**

NP

0

5

10

NP
Pan

IN
PDAP

D
X

1-
po

si
tiv

e 
nu

cl
ei

 
pe

r h
ig

h 
po

w
er

 fi
el

d ***
** NS

I

*

A RNF125
P = 0.04

0

2

4

6

8

10

PDX1
P = 0.033

0

1

2

3

4
MNX1
P = 0.02

0

2

4

6

8
MUC1

P = 0.002

NR5A2
P = 0.043

0

500

1000

1500

CEL
P = 0.026

0

500

1000

1500
CPA2

P = 0.045

0

100

200

300

400

PNLIP
P = 0.0002

Fo
ld

 c
ha

ng
e

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

RNF12
5H

igh

RNF12
5L

ow

0

2

4

6

8

10

0

2

4

6

8

10

Fo
ld

 c
ha

ng
e

RNF125

PDX1

RNF125   -     -    WT  RM

     Scr  shRNF125#3

Tubulin

E
C

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


A

S
cr

sh
R

N
F1

25

EV PDX1

K
i6

7

C
K

19
K

i6
7

C
l.c

as
.3

S
cr

sh
R

N
F1

25

EV PDX1

B

C
Scr/
EV

shRNF125/
EV

Scr/
PDX1

shRNF125/
PDX1

Hasnis et al, Figure 4

0

2

4

6

8

10

EV PDX1

**** NS
*

****

K
i6

7+
 n

uc
le

i p
er

 o
rg

an
oi

d

Tu
m

or
 w

ei
gh

t (
m

g)

Scr
shRNF125

EV PDX1
0

500

1000

1500

2000 **** NS

*

****

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


E

F

G

H

HDAC2

HDAC2

In
pu

t

In
pu

t

RN
F1

25

RN
F1

25
HD

AC
2

HD
AC

2

Ig
G

Ig
G

IP:IP:

MiaPaCa-2

KPC

MG132 (20μM)    -     -     -    -     +    +    +    +

D

A
C

Input IP: HDAC2

IB
: K

63
-li

nk
ag

e 
 p

ol
yU

b

37

50

75

100

150

250

IB: HDAC2

IB: RNF125

I
WT RNF125KO

H
D

A
C

2

Scr shRNF125

H
D

A
C

2

RNF125Low RNF125High

H
D

A
C

2

HDAC2

RNF125

FLAG

FLAG-RNF125   EV RM EV RM  EV  RM
Input FT IP:FLAG

Mia PaCa-2

PDX1

+siRNF125

B

In
pu

t
RN

F1
25

HD
AC

2
Ig

G In
pu

t
RN

F1
25

HD
AC

2
Ig

G

Cyt

RNF125

Nuc

IP:IP:

Nuclear Non-nuclear

0

1

2

3

Fo
ld

 c
ha

ng
e

si
C

on
tro

l

+s
iC

on
tro

l

+s
iR

R
R

P
1

+s
iS

10
0A

11

+s
iO

A
S

L

+s
iH

D
A

C
2

+s
iC

N
B

P

+s
iE

IF
5A

2

+s
iC

B
S

+s
iA

IM
P

1

+s
iW

A
R

S

+s
iM

V
P

+s
iH

S
FY

1

+s
iG

A
D

D
45

G
IP

1

+s
iF

A
B

P
5

+s
iS

LT
M

+s
iD

N
TT

IP
2

Hasnis et al, Figure 5

P
va

lu
e_

R
N

F1
25

R
M

 v
s 

E
V

log2FC_RNF125RM vs EV
0-1 1 32 4-2 5 6 7 8 9 10-3

0.4

0.1

0.04

0.01

0.004

0.001

0.0004

RNF125

HDAC2

Max (0.98)
Color by:

Average (0.28)
Min (0.00)

Shape by:
issue_RNF125RM vs Empty

Empty missing
Empty

Size by:
n_Features RNF125RM

+ + + + + + + + + +
+ + + + + + + + + +

+- + - - - + + - -
- - - - - -WT WT RMRM

HDAC2
HA-Ub
siRNF125
RNF125

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


RNF125/DAPI HDAC2 PDX1 MERGE

S
cr

sh
R

N
F1

25
sh

H
D

A
C

2
sh

R
N

F1
25

sh
H

D
A

C
2

A B C D

Tubulin

PDX1

RNF125

F G

H
RNF125 HDAC2 PDX1 MERGEDAPI

S
cr

sh
R

N
F1

25
sh

H
D

A
C

2
sh

R
N

F1
25

sh
H

D
A

C
2

Scr

shRNF125

shHDAC2

shRNF125
shHDAC2

H3K9Ac

Histone H3

H3K27Ac

      K63R       -        +         -         +

EV RNF125

E
Scr shHDAC2#1 shHDAC2#2

M
ia

 P
aC

a-
2

0.0

0.5

1.0

NS

*
**

***

0

20

40

60

80

100

C
ol

on
ie

s 
pe

r w
el

l

Scr

sh
HDAC2#

1

sh
HDAC2#

2

******

Scr shHDAC2
0

500

1000

1500

2000

Scr
shRNF125

NS

****

****

Tu
m

or
 w

ei
gh

t (
m

g)

Scr shHDAC2#1 shHDAC2#2

0 20 40 60 80
0

50

100

Months

HDAC2High/RNF125High

/RNF125LowHDAC2High

0 20 40 60 80 100
0

50

100

Months

HDAC2Low/RNF125High

HDAC2Low/RNF125Low

*

NS

I

%
 o

f i
np

ut

Inp
ut

IP
: H

DAC2

IP
: H

3K
9a

c

IP
: H

3K
27

ac

IP
: H

ist
on

e H
3

R
el

at
iv

e 
en

ric
hm

en
t

up
on

 R
N

F1
25

K
D

3

0

1

2

**
**

**
** *

N
S

HDAC2

H3K
9a

c

H3K
27

ac

Hist
on

e H
3 24

0

6

0
24

4

48 72 96
Time (hours)

48 72 96
Time (hours)

2

4

C
el

l i
nd

ex

1

2

3

**
**

**
** **
**

**
**

Mia PaCa-2 Panc-1

Hasnis et al, Figure 6

P
er

ce
nt

 s
ur

vi
va

l
P

er
ce

nt
 s

ur
vi

va
l

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


0 500 1000 1500
0

20

40

60

80

100

Days elapsed

Low
High

RNF125

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF5

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF19A

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF8

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF2

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF10

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF6

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF4

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF14

0 500 1000 1500
0

20

40

60

80

100

Days elapsed

RNF7

A

B C

RN
F1

25
 E

xp
re

ss
io

n 
(L

og
2(

FP
KM

+0
.1

))

RNF125
RNF5

RNF2
RNF10
RNF6
RNF4
RNF14
RNF7

RNF8

*
NS

NS NS

**
NS

NS NS NS
NS

U
V

M

A
C

C

K
IC

H

C
E

S
C

U
C

S

C
H

O
L

LU
S

C

S
A

R
C

R
E

A
D

E
S

C
A

PA
A

D

C
O

A
D

P
R

A
D

K
IR

C

LI
H

C

S
K

C
M

LA
M

L

0

2

4

6

8

-2 

-4 

-2

0

2

4

6

8
Normal
Tumor

RNF125

*

Amplification Deep Deletion mRNA High mRNA Low No alteration

P
er

ce
nt

 s
ur

vi
va

l

RNF19A

E
xp

re
ss

io
n 

(Z
 s

co
re

)

Hasnis et al, Figure S1

P
er

ce
nt

 s
ur

vi
va

l
P

er
ce

nt
 s

ur
vi

va
l

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


 Norm
al

pa
ncr

ea
s

RNF125Low

N=4

N=18

RNF125High

0

0

Pt. 64Pt. 74 Pt. 53 Pt. 57 Pt. 23 Pt. 10

25

50

75

100
Tumor Grade

25

50

75

RNF125Neg RNF125Low RNF125High

A B

C

D E

F GNormal 
Pancreas PanIN

R
N

F1
25

/D
A

P
I

Normal 
Pancreas PDA

F

D

A

D

D
D

D

A

Pt.9 Pt.35
Normal Pancreas

Pt.35 (RNF125Low) Pt.7 (RNF125High)
PDA

Neg Lo
w

High

RNF12
5N

eg

RNF12
5L

ow

RNF12
5H

igh

Norm
al 

pa
nc

rea
s

HPDE
Mia 

PaC
a-2

Pan
c-1

BxP
C-3

AsP
C-1

T3M
4
CFPAC-1

Cap
an

-1

Cap
an

-2

HPAF-II

R
N

F1
25

0 10 20 30 40
0

50

100

Months

%
 re

cu
rr

en
ce

-fr
ee

RNF125High

RNF125Low

*

RNF125 status

%
 o

f c
as

es

Poor diff
Mod diff
Well diff

%
 o

f c
as

es

RNF125

GAPDH

RNF125

Histone H3

Tubulin

Mia 
PaC

a-2

HPDE
AsP

C-1

C   N   C  N   C  N   C   N

Hasnis et al, Figure S2

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


Scr shRNF125#1 shRNF125#2 RNF125WT RNF125RM

M
ia

 P
aC

a-
2

K
P

C
A

B

C

***

*

*
*NS

*

***

*

0

10

20

30

**
*

NS
*

1 0

1 5

2 0

0

5

***
****

*

Scr

sh
RNF12

5#
1

sh
RNF12

5#
2

RNF12
5W

T

RNF12
5R

M

S
ph

er
es

 p
er

 2
00

 c
el

ls

R
el

at
iv

e 
pr

ol
ife

ra
tio

n

0

2

4

6

8

10

24 48 72 96 24 48 72 96 24 48 72 96
0

2

4

6

8

0

5

10

15

20Mia PaCa-2 Panc-1 KPC

Scr siRNF125#1 siRNF125#2 RNF125WT RNF125RM

Hours Hours Hours

Scr shRNF125#1 shRNF125#2 RNF125WT RNF125RM

C
ol

on
ie

s 
pe

r w
el

l

Scr

sh
RNF12

5#
1

sh
RNF12

5#
2

RNF12
5W

T

RNF12
5R

M

Hasnis et al, Figure S3

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


S
cr

sh
R

N
F1

25

CD45 CD8 CD31A

3 00

4 00

5 00

6 00

7 00

C

HE Ki67 αSMA TC

B

D

0.0

0.5

1.0

1.5

2.0

2.5
EV

shRNF125#1
shRNF125#2

****

**** **** **** ****

***

***

**** **** ****

NS

NS

NS

Fo
ld

 c
ha

ng
e

PDGFα

PDGFß

TGFB1

TGFB2

TGFB3
TNF

Rnf1
25

+/+

Rnf1
25

-/-

Tu
m

or
 w

t (
m

g)

R
nf

12
5+/

+
R

nf
12

5-/-

Hasnis et al, Figure S4

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


siRNF125       Ctrl    #1  #2       Ctrl     #1   #2       Ctrl     #1    #2   

RNF125

PDX1

NR5A2

Tubulin

Mia PaCa2       Panc1     BxPC3

PDX1 NR5A2
0.0

0.5

1.0

1.5

Mia PaCa-2

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n

siControl
siRNF125#1
siRNF125#2

PDX1 NR5A2
0.0

0.5

1.0

1.5

Panc-1

A

B C

0 10 20 30 40 50
0

50

100

Months

RNF125High/PDX1High

RNF125Low/PDX1Low

*

 

0 10 20 30 40 50
0

50

100

Months

RNF125High/NR5A2High

RNF125Low/NR5A2 Low

NS

 

** ** **
** *

*
******

Hasnis et al, Figure S5

Ncad VIM
0.0

0.5

1.0

1.5

2.0

siCont siPDX1

24 48 72 96
0

2

4

6 Mia PaCa-2

Time (hours)

C
el

l i
nd

ex

siCont siPDX1#1 siPDX1#2 PDX1

24 48 72 96
0

1

2

3

4

5 Panc-1

Time (hours)

D

E F

****

NS
NS

****
NS*

Fo
ld

 c
ha

ng
e

**** **** NSNS

Fo
ld

 c
ha

ng
e

Scr
siRNF125
PDX1
siRNF125+PDX1

Ncad VIM

** ***
NSNS

0.0

0.5

1.0

1.5

2.0

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


A B

siRNF125 Cont  #1  #2    Cont  #1  #2   Cont   #1  #2
Mia PaCa-2 Panc-1 BxPC-3

RNF125

HDAC2

Tubulin

C

37

50

75

100

150

250

Mia PaCa-2

E

IB: HDAC2

IB: RNF125

37

50

75

100

150

250

KPC

D

IB: HDAC2

IB: RNF125

F

37

150

250

50

75

100

HEK293T

IB: HDAC2

IB: RNF125

IP: HDAC2

150

50

75

100

250

HDAC2                        +        +      +      +      +     +      +      +       +     +      +       +
RNF125WT                  -        -       -       +      +     +      -       -        -      +      +       +
Ub                              WT   K63R K63 WT K63R K63 WT K63R K63  WT K63R K63 

Input

IB
: K

63
-li

nk
ag

e 
po

ly
U

b

IB: RNF125

HDAC2

RNF125

Tubulin

CHX (hrs)    0   2   4   8   24    0   2   4   8   24
siControl siRNF125

Input IP:HDAC2

siRNF125
  RNF125

- + + - - - --+ +
- - - WT RM - RMWT- -

IB
: K

63
-li

nk
ag

e 
po

ly
U

b

Input IP:HDAC2

siRNF125
  RNF125

- + + - - - --+ +
- - - WT RM - RMWT- -

IB
: K

63
-li

nk
ag

e 
po

ly
U

b

HA-Ub
siRNF125

+ + + + + + +++ +
- + + - - - --+ +

RNF125
MG132 (20μM, 4hs)

- - - WT RM - RMWT- -
+ + + + + + +++ +

HDAC2 + + + + + + +++ +
Input IP:HDAC2

IB
: K

48
-li

nk
ag

e 
po

ly
U

b

Hasnis et al, Figure S6

IB: HDAC2

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555


HDAC2

RNF125

shHDAC2        - #1       #2           - #1       #2

MiaPaCa-2 Panc-1

PDX1

NR5A2

Tubulin

Histone H3

H3K27Ac
PDX1 NR5A2

0

1

2

3

4

Mia PaCa-2

Fo
ld

 c
ha

ng
e

Scr shHDAC2#1 shHDAC2#2
PDX1 NR5A2

0

1

2

3

4

Panc-1
A

K
i6

7

B

C

shRNF125Scr shHDAC2
shRNF125
shHDAC2

K
i6

7
cl

.c
as

.3
C

K
19

Scr shRNF125 shHDAC2
shRNF125
shHDAC2

0

2

4

6

8
** **** NS***

****
**

****
****

****
****

****
****

****
****

K
i6

7+
 n

uc
le

i p
er

 o
rg

an
oi

d

Scr

sh
RNF12

5

sh
HDAC2

sh
HDAC2/s

hH
DAC2

Hasnis et al, Figure S7

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2020. ; https://doi.org/10.1101/2020.01.06.896555doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.06.896555

