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ABSTRACT 

When talking about cancer, a lot of hallmarks can picture it, such as self-sufficiency in 

growth signals, evading apoptosis, invasion, and metastasis, and so on. However, the driving 

factor that really defines a cancer is oncogenic mutation, the intrinsic feature of a cancer cell. 

Over the years, efforts and progresses have been made in targeting either oncogenes themselves 

or their downstream effectors, but cancer still remains the second leading cause of deaths out of 

all diseases. More and more studies seek therapeutic opportunities by looking into other cancer 

vulnerabilities, and the cancer extrinsic factors have gained much attention in the recent years, 

such as the immune system, tumor microenvironment, and cell-cell interaction. Here, I will 

present my doctoral research, a study from cancer cell intrinsic factors to extrinsic factors and 

both directions decipher the molecular mechanisms of a tumor. 

For cancer intrinsic factor study, we looked at cancer cell metabolic alterations that are 

oncogene dependent. Here we report that, from an RNAi screen, the top candidate AHCYL1 is 

overexpressed in human melanoma harboring mutant NRAS but not BRAF or WT. In addition, 

AHCYL1 is selectively critical for both NRAS-mutated human melanoma cell proliferation and 

tumor growth. Specifically, we identify AHCYL1 as an oncogene-dependent key regulator of ER 

calcium homeostasis, with its deficiency leading to decreased ER calcium levels, activating the 

UPR and ultimately causing cell apoptosis. Our findings suggest that targeting the AHCYL1-

IP3R axis presents a novel therapeutic approach for NRAS-mutated melanomas, with potential 

applicability to all cancers harboring RAS mutations, such as KRAS-mutated human colorectal 

cancers. 

For the cancer extrinsic factor study, from a high-content screen using a human blood 

nutrient library in combination with a fibroblast reporter (FIRE) system, we identified and 
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validated that extracellular ATP (eATP) blunts TGFβ-induced SMA expression and promotes 

cytokines-induced IL-6 expression in pancreatic stellate cells (PSCs) in both time- and dose-

dependent manner. Pretreatment of PSCs with physiological concentrations of eATP is sufficient 

to alter fibroblast states and to promote PDAC tumor growth. Mechanistically, our data suggest 

that eATP acts independently of its canonical purinergic receptor pathways to promote an iCAF 

state in PSCs. The JAK-STAT pathway, one of the major regulators of iCAFs, is strongly 

activated upon eATP treatment and mediates its effect in inducing an iCAF state. Further, we 

showed that this is serum dependent. These findings support the idea that TME metabolites can 

alter PDAC progression by regulating CAF heterogeneity.  
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CHAPTER 1: INTRODUCTION 

1.1 Targeting oncogenic RAS is challenging 

Oncogenes are genes that when mutated or overexpressed can promote cancer development, such 

as RAS, RAF, and EGFR. 

Ras is a family of small guanosine triphosphatase (GTPase) that serve as molecular 

switches that are active when bound with guanosine triphosphate (GTP) and inactive when 

bound with guanosine diphosphate (GDP) (Figure 1.1). The switch between active and inactive 

form of Ras governs important cellular processes, including cell proliferation, differentiation, 

and survival. When RAS is mutated, it’s locked in the permanent active state that continuously 

initiates downstream signaling that fostering uncontrolled cell proliferation and can drive cancer.  

 

Figure 1.1 RAS switches between active and inactive form. 

 

RAS mutations in HRAS, KRAS, and NRAS, are the most frequent mutations found in 

human cancers, for example, pancreatic ductal adenocarcinoma (PDAC), colorectal 

adenocarcinoma, lung adenocarcinoma, and melanoma (Table 1.1) (Moore et al. 2020). Over the 

years, a lot of efforts have been made on developing effective inhibitors against RAS proteins.  
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Human cancer types RAS mutation isoforms Frequency 

Pancreatic ductal adenocarcinoma KRAS 86% 

Colorectal adenocarcinoma KRAS 41% 

Lung adenocarcinoma KRAS 32% 

Melanoma NRAS 29% 

Head and neck squamous cell carcinoma HRAS 5% 

Bladder urothelial carcinoma HRAS 4% 

 

Table 1.1 RAS mutations and frequencies in human cancers. 

 

However, targeting RAS proteins is extremely challenging. RAS has long been labeled as 

"undruggable" due to its small, smooth-surfaced globular shape that lacks the distinct binding 

pockets (Moore et al. 2020). This structural feature complicates the design of molecules capable 

of effectively disrupting mutated RAS activity without affecting normal RAS activity that plays 

critical roles in other non-cancer cells. 

 Despite the ever-present challenges of targeting RAS mutant itself, multiple RAS 

inhibitors have been successfully developed in the recent years. Notably, two KRAS inhibitors, 

Sotorsib and Adagrasib, have been approved by the U.S. Food and Drug Administration (FDA). 

However, both inhibitors specifically target KRAS G12C, a KRAS mutation that is most prevalent 

in human lung adenocarcinoma (comprising 46% of all KRAS mutations), but less commonly 

found in other RAS-mutated cancers, such as PDAC (less than 2%) and CRC (around 10%) 

(Qunaj et al. 2023; Moore et al. 2020; Singhal, Li, and O’Reilly 2024). Thus, RAS targeting 

inhibitors are still limited, and more RAS inhibitors are currently under clinical trials (Singhal, 
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Li, and O’Reilly 2024). Yet, another concern is developed drug resistance after RAS targeting: 

nearly all patients with identified resistance mutations acquire alterations that reestablish RAS-

MAPK signaling (Singhal, Li, and O’Reilly 2024).  

 In conclusion, not only do we need to develop more effective oncogene inhibitors, but 

also, we need a better understanding of other vulnerabilities of cancers. Following sections will 

discuss my studies on aiming to better understand melanoma harboring mutant NRAS and PDAC 

harboring mutant KRAS. 

 

1.2 Human cutaneous melanoma harbors mutually exclusive oncogene mutations 

Melanoma is a type of skin cancer that arises from the melanocytes, the pigment-producing cells 

in the skin. Human cutaneous melanoma only accounts for 1 - 2% of all skin cancers but is 

responsible for over 75% of skin cancer deaths, making melanoma the most dangerous type of 

skin cancers (“Melanoma” 2018). 

Raf proteins are a family of cytosolic serine/threonine kinases that are part of the Ras-

Raf-MAPK pathway. There are three Raf kinase members in the family: A-Raf, B-Raf, and c-

Raf (Raf-1). Mutations in the human RAF gene leads to its constitutive activation that causes 

malignant transformation (Leicht et al. 2007).  

Nearly 50% of the melanoma patients exhibit BRAF mutations (90% of them are BRAF 

V600E), 20% of the patients express mutant NRAS, and 5% of the patients harbor mutated KIT. 

The rest of the human cutaneous melanomas are considered as wild type (WT), means there are 

no BRAF, NRAS, or KIT mutation, or basically, any driver mutation found yet in these patients 

(Figure 1.2). Worth noting is that, mutations in human melanoma are mutually exclusive, 

meaning that usually we only see one mutation within the same patient (Deng et al. 2019).  
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Figure 1.2 Oncogene mutations in human cutaneous melanoma. 

 

Treatments for melanoma patients harboring mutant BRAF have been developed. The 

standard of care is a combination of BRAF and MEK inhibitors (Bollag et al. 2012; D. B. 

Johnson and Sosman 2013), and currently FDA approved BRAF inhibitors include Vemurafenib, 

Dabrafenib, and Encorafenib, MEK inhibitors include Trametinib, Cobimetinib, and Binimetinib 

(Gonzalez-Cao et al. 2023).  

NRAS-mutated melanoma is typically more aggressive than BRAF-mutated or WT 

melanomas (Thomas et al. 2015; Jakob et al. 2012; Liszkay et al. 2021; Devitt et al. 2011). 

However, there is currently no specific treatment available for NRAS-mutated melanoma, and 

NRAS mutated melanomas are not susceptible to BRAF inhibitors, presenting poor prognosis. 

Thus, treatments specific for NRAS mutant harboring melanoma patients are required. 

Over the past decade, our research group and others elucidated multiple oncogene-

specific metabolic regulations (Xia et al. 2017; Kang et al. 2015; Gao et al. 2022; Zhao et al. 

2017; Lin et al. 2018; Min and Lee 2018; Tarrado-Castellarnau, de Atauri, and Cascante 2016). 
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Specifically, we identified and reported two NRAS specific metabolic alterations in 

human melanoma, Phospholipase A2, group VII (PLA2G7) and Adenosylhomocysteinase like 

protein 1 (AHCYL1). PLA2G7 and Lyso-PAF act as key elements of RAS-RAF1 signaling and 

exhibit intracellular signaling functions (Gao et al. 2022). Our AHCYL1 story highlights the 

concept of oncogene-specific calcium regulation in cancer cells, and sheds light on oncogene-

mediated metabolic rewiring in cancer cells compare to normal cells, providing new insights in 

development of novel precision medicine for cancer treatment (Hanahan 2022).  

 

1.3 Endoplasmic reticulum (ER) calcium homeostasis and  

the unfolded protein response (UPR) 

The ER is the major intracellular site for calcium storage and release that modulates cellular 

calcium homeostasis, and it coordinates with mitochondria and lysosomes. Calcium levels in 

these cellular compartments are much higher than in the cytosol (Table 1.2). 

 

Cellular compartments Calcium concentration 

Extracellular space 1 - 2 mM 

ER 300 µM -1 mM 

Mitochondria 0.1 nM - 1 mM 

Cytosol 50 - 100 nM 

Endolysosome ~500 µM 

 

Table 1.2 Reported cellular calcium levels (Trebak and Kinet 2019). 
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 The ER calcium is mainly regulated by the second messenger, Inositol 1,4,5-triphosphate 

(IP3). Upon extracellular signal received by G protein-coupled receptors (GPCRs) and receptor 

tyrosine kinases (RTKs), phospholipase C (PLC) is activated and hydrolyzes 

phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3 and diacylglycerol (DAG). Then, IP3 

diffuses rapidly through the cytoplasm and binds to IP3 receptors (IP3Rs) located on the ER, 

which induces the release of calcium from intracellular stores within the ER lumen into the 

cytoplasm and act as secondary massagers and mediate a wide range of cellular responses. 

The ER is mostly composed of calcium-dependent molecular chaperones that are 

responsible for protein folding. Thus, disrupting ER calcium homeostasis causes the 

accumulation of unfolded or misfolded proteins and subsequently leads to ER stress that 

attenuates cell proliferation or triggers apoptosis (Sehgal et al. 2017; Preissler et al. 2020; Ibarra 

et al. 2022; Krebs, Agellon, and Michalak 2015; Luo and Lee 2013; Bahar, Kim, and Yoon 

2016; Monteith, Prevarskaya, and Roberts-Thomson 2017; Krebs, Groenendyk, and Michalak 

2011). 

Disturbed ER calcium homeostasis can cause ER stress, and the accumulation of 

misfolded and unfolded proteins can activate the URP, which is initiated by three ER membrane-

bound sensors: inositol-requiring enzyme 1 (IRE1), protein kinase RNA-like ER kinase (PERK) 

and activating transcription factor 6 (ATF6) (Figure 1.3).  

Upon detection of unfolded proteins, IRE1 undergoes oligomerization and 

autophosphorylation, leading to its activation. Activated IRE1 possesses endoribonuclease 

activity, which mediates the unconventional splicing of X-box binding protein 1 (XBP1) mRNA. 

Spliced XBP1 mRNA encodes a transcription factor, XBP1s, which translocates to the nucleus 
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and activates the expression of genes. For detecting the activation of the IRE1 branch, one can 

detect XBP1 splicing by gel electrophoresis (Chalmers et al. 2017). 

 For the PERK branch, ER stress triggers PERK dimerization and autophosphorylation, 

leading to its activation as a kinase. Activated PERK phosphorylates the alpha subunit of 

eukaryotic translation initiation factor 2 (eIF2α), resulting in global translation attenuation. 

However, translation of selective mRNAs, such as activating transcription factor 4 (ATF4), is 

enhanced under these conditions. For detecting the PERK branch activation, people usually 

detect eIF2α phosphorylation and ATF4 protein levels. 

 For the ATF6 branch, ER stress induces the trafficking of ATF6 from the ER to the Golgi 

apparatus, where it undergoes proteolytic cleavage by site-1 and site-2 proteases (S1P and S2P). 

This cleavage releases the cytosolic fragment of ATF6, which acts as a transcription factor. For 

detecting ATF6 branch, people usually detect ATF6 cleavage. 

Ultimately, all three branches of the UPR lead to transcription of genes involved in ER 

protein folding, ER-associated degradation (ERAD), lipid metabolism, and antioxidant 

responses. With resolved ER stress, they restore ER homeostasis and promote cell survival; with 

unresolved and persistent ER stress, the UPR causes cell apoptosis. 
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Figure 1.3 The UPR signaling pathway (created with BioRender.com).  
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1.4 AHCYL1 governs ER calcium homeostasis 

Adenosylhomocysteinase (AHCY) is an enzyme in the methionine-homocysteine cycle that 

catalyzes S-Adenosylhomocysteine (SAH) into adenosine and L-homocysteine. Worth noting is 

that, AHCY is the only protein in mammals that can perform this reaction.  

There are two other proteins that share similar structure as AHCY: they are AHCY like 

protein 1 (AHCYL1) and AHCY like protein 2 (AHCYL2) (Devogelaere, Sammels, and De 

Smedt 2008).  

Comparing to AHCY, AHCYL1 is consisted of a similar AHCY domain and an extra 

IRBIT domain (Figure 1.4). In its AHCY domain, there are two point mutations at site 256 and 

site 450 as well as an extra coiled-coil region, making AHCYL1 no longer present any enzymatic 

functions (Devogelaere, Sammels, and De Smedt 2008). Its IRBIT domain has been reported to 

bind to all three types of the IP3Rs and compete with second messenger IP3 and suppress IP3R 

activity (Ando et al. 2006) (Figure 1.5). Worth noting is that, such competition between IP3 and 

AHCYL1 is concentration dependent: at physiological IP3 concentrations, IP3 can’t activate 

IP3R under the expression of AHCYL1; however, at high IP3 concentrations, such as 10 µM, the 

effect of AHCYL1 can be overridden by IP3 (Ando et al. 2006).  

AHCYL2 consists of the same AHCY and IRBIT domain as AHCYL1 but an extra P/A 

domain (Figure 1.4). The extra P/A domain is rich in proline and alanine and thus non-structural 

(Figure 1.4), making its IRBIT hardly interact with the IP3R as AHCYL1 (Devogelaere, 

Sammels, and De Smedt 2008). 
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Figure 1.4 A summary of AHCY family protein structures (Devogelaere, Sammels, and De 

Smedt 2008). 

 

 

 

Figure 1.5 AHCYL1 is an inhibitory gatekeeper of the IP3R (created with BioRender.com). 

  



11 
 

1.5 Challenges in human PDAC therapies 

Human PDAC represents 90% of all pancreatic malignancies, and it is one of the most 

aggressive cancers, with a five-year survival rate of 13% (American Cancer Society 2024). 

PDAC is predicted to become the second leading cause of cancer-related deaths in the United 

States by 2030 (Orth et al. 2019).  

A heathy pancreas has two major functions: the endocrine function, which involves the 

secretion of hormones by endocrine cells within the islets of Langerhans to regulate blood sugar 

levels, and the exocrine function, which controls the secretion of digestive enzymes by acinar 

cells to support food digestion. Very rare malignancy cases originate from the endocrine 

component of a pancreas, causing pancreatic neuroendocrine tumor (PanNET). Notably, the 

majority of PDAC (90%) originate from the exocrine component of the pancreas. 

Despite the aggressiveness of PDAC, current treatments for PDAC are limited and lack 

efficiency (Principe et al. 2021).  

Surgical resection is considered the primary treatment for localized PDAC and offers the 

best chance for long-term survival. However, early detection of feasibly respectable PDAC is 

challenging, because early-stage PDAC often does not cause specific symptoms from its deep 

location of the pancreas. Not to say that the PDAC surgery, pancreaticoduodenectomy (Whipple 

procedure), is one of the most complicated surgeries (Are, Dhir, and Ravipati 2011; Karim et al. 

2018). 

PDAC patients also receive chemotherapy both before and after a surgery, often with 

gemcitabine-based regimens (e.g., gemcitabine plus nab-paclitaxel or FOLFIRINOX) (Garajová 

et al. 2023). Neoadjuvant chemotherapy may be used to shrink the tumor and improve the 

likelihood of successful surgery in patients with initially unresectable tumors. Adjuvant 
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chemotherapy is given after surgery to reduce the risk of cancer recurrence. However, 

chemotherapy only offers modest benefits for PDAC overall survival, in that many patients do 

not respond well to chemotherapy and toxicity and chemoresistance can develop (Principe et al. 

2021). 

Human PDAC is another cancer type that has prominent mutations in RAS, with around 

90% of the PDAC patients harbor mutant KRAS (Moore et al. 2020). Other PDAC somatic 

mutations include p53 mutations in 80% of cases, CDKN2A mutations in 60% of cases, and 

SMAD4 mutations in 40% of cases (Garajová et al. 2023). KRAS alterations include G12D 

(42%), G12V (32%), G12R (15%), G12C (1.5%), G12A (0.4%) and G12S (0.1%) (Kolbeinsson 

et al. 2023). Despite the ever-present challenge of targeting RAS proteins directly as discussed in 

section 1.1, several KRAS inhibitors are under clinical trial. For example, MRTX1133 is a non-

covalent, selective KRAS G12D inhibitor, and a phase I study (NCT05737706) of MRTX1133 

in KRAS G12D advanced solid tumors is proceeding (Wang et al. 2022; Zhou et al. 2023; Kemp 

et al. 2023). 

 In addition to targeting the intrinsic features of PDAC cancer cells, with a growing 

understanding of PDAC biology, much work has focused on PDAC tumor microenvironment 

(TME). 

 

1.6 PDAC has a complicated TME 

PDAC is characterized by prominent desmoplastic response, in which the dense stroma can make 

up to 90% of the tumor mass (Helms, Onate, and Sherman 2020) (Figure 1.6). A tumor stroma 

mainly consists of basement membrane, cancer associated fibroblasts (CAFs), extracellular 
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matrix (ECM) (collagens, glycoproteins, polysaccharides), immune cells, and vasculature. 

Attempts have been made to target these components within PDAC stroma. 

PDAC is a poorly immune infiltrated, immunologically “cold” tumor (Karamitopoulou 

2019). PDAC (excluding MSI-high tumors) did not show any response to immunotherapies. 

Limited CD8+ cytotoxic effector T cells infiltrate and the broad immunity within a PDAC is 

mostly immunosuppressive myeloid cells and Tregs. Some studies focus on making tumors 

immunologically active by activating innate lymphocytes or creating an inflammatory response 

in the TME, thereby augmenting T cell priming (Balachandran, Beatty, and Dougan 2019).  

 

Figure 1.6 A comparison between PDAC TME and normal pancreatic tissue (Adapted from 

Joseph et al. 2024) (created with BioRender.com). 
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In addition, PDAC has impaired vasculature from the stromal reaction, which causes poor 

blood vessel perfusion (Figure 1.6). Abnormal blood vessel structure can cause a hypoxic and 

nutrient poor TME that contributes to tumor progression and treatment resistance (Kamphorst et 

al. 2015; Carroll, Buckley, and Kelly 2021). Also, PDAC patients with mature blood vessels 

have batter overall survival (Katsuta et al. 2019). 

Over the years, efforts have also been made in targeting the PDAC ECM. For example, in 

mice harboring PDAC, targeting hyaluronan improves chemotherapy through more efficient 

drug delivery (Jacobetz et al. 2013). However, a clinical trial targeting hyaluronan has failed in 

phase III to show any benefits in PDAC patients (Hakim et al. 2019). In addition, attempts have 

been made in depleting other ECM components, such as collagen I, but that ultimately promotes 

PDAC growth and reduces survival in mouse models (Chen et al. 2021). Consistently, depletion 

of alpha smooth muscle actin (SMA)-expressing CAFs, the source of collagen I, also leads to 

increased tumor progression (Özdemir et al. 2014). In addition, PDAC patients with higher 

amount of SMA-expressing CAFs inside the tumors show better overall survival, but they also 

respond poorly to immunotherapies (Özdemir et al. 2014). These results suggest that depleting 

certain ECM components can accelerate tumor growth but may present clinical benefits when 

combined with other therapies, such as chemotherapy and immunotherapy.  

Thus, a better understanding of PDAC stroma is needed to develop advanced approaches 

for therapies that target both the stroma and cancer cells. 
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1.7 CAFs are heterogeneous 

The PDAC stroma has a high abundance of CAFs, which primarily produce the stromal milieu. 

During the development of PDAC, CAFs can originate from diverse cells, such as pancreatic 

stellate cells (PSCs), resident tissue fibroblasts, mesenchymal stem cells, endothelial cells, 

pericytes, and adipocytes (T. Zhang et al. 2022). Among them, PSCs are considered the major 

source of PDAC CAFs (Hrabák et al. 2021) and are a predominant cell type in the PDAC stroma, 

and mediate the desmoplastic response (Sousa et al. 2016).  

Stellate cells (SCs) are tissue-resident mesenchymal cells and can be found in the liver 

(hepatic stellate cells) as well as the pancreas (PSCs). SCs are rich in vitamin A and lipids 

(Watari, Hotta, and Mabuchi 1982), enabling SCs be able to be isolated by differential 

centrifugation. Under normal conditions, PSCs are quiescent, and they can regulate the 

production of ECM. PSCs can be activated upon tissue damage, inflammation, and cancer for 

tissue generation and wound healing. In part because of this, cancer is considered as wounds that 

do not heal (Dvorak 1986).  

Over the last decade, functionally and transcriptionally heterogeneous CAF populations 

have been identified and gradually appreciated in both mouse and human PDAC (Öhlund et al. 

2017; Elyada et al. 2019; Dominguez et al. 2020; Hosein et al. 2019). From a single cell RNA-

seq analysis on PDAC tumors from genetically engineered mice, CAF unsupervised clustered 

into three major populations (Figure 7): myofibroblastic CAFs (myCAFs), inflammatory CAFs 

(iCAFs), and antigen presenting CAFs (apCAFs) (Elyada et al. 2019). 
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Figure 1.7 CAF clustering from single cell RNA-seq (Elyada et al. 2019). 

 

myCAFs feature expression of SMA, are the main producers of extracellular matrix, and 

are thought to be tumor restraining (McAndrews et al. 2022; Özdemir et al. 2014). Meanwhile, 

iCAFs are characterized by low SMA expression and their ability to secret inflammatory 

cytokines and chemokines such as IL-6 and CXCL1, and are thought to be tumor promoting 

(McAndrews et al. 2022; Lo et al. 2017; Schwörer et al. 2023). myCAF and iCAFs are the most 

abundant CAF populations in PDAC, however, another distinct yet smaller CAF population has 

been identified recently, the apCAFs. apCAFs express MHC II and CD74 but lack classical co-

stimulatory molecules; consequently, apCAFs can potentially activate CD4+ T cells but cause 

anergy (Elyada et al. 2019). Based on their distinct roles in PDAC, selectively altering the CAF 

states is thought to have significant clinical benefits. 
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Heterogeneity within the CAF population has been suggested to be established in part by 

growth factors and cytokines. For example, TGFβ can induce myCAFs, TNFα, IL-1α and LIF 

can induce the iCAF state, and IFN𝛾 can induce the apCAF state (Biffi et al. 2019; Elyada et al. 

2019) (Figure 1.8). While cytokines and growth factors can drive CAF heterogeneity, iCAF and 

myCAF states are plastic, i.e., they can convert into each other (Figure 1.8). How this plasticity 

is regulated is largely unknown. Our lab recently identified oxygen availability in the TME as a 

central regulator of CAF state decisions, indicating that metabolic factors in the tumor 

microenvironment (TME) can modulate the CAF state (Schwörer et al. 2023).  

Thus, we define a CAF state based on the expression of its defined markers, and most 

importantly, ask whether such state can be greatly altered by the extrinsic environment over cell 

intrinsic programs. 

 

 

Figure 1.8 CAF heterogeneity can be driven by cytokines and growth factors (created with 

BioRender.com). 
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 For iCAFs, after receiving extracellular signals from cytokines and growth factors, there 

are two major intracellular signaling pathways that establish the inflammatory state: JAK-

STAT3 pathway and NF-κB pathway (Biffi et al. 2019). 

For canonical JAK-STAT signaling pathway, after receiving external stimuli, JAK is 

recruited to the cell surface receptor and activated by phosphorylation, which leads to the 

recruitment and phosphorylation of STAT. Then, STAT dimerizes and translocates into the 

nucleus and regulates gene transcription as transcription factors. JAK-STAT pathway plays 

crucial roles in inflammatory responses and cell proliferation.  

The canonical NF-κB pathway is a central regulator of the immune system and 

inflammation. NF-κB signaling is triggered by a wide range of extracellular stimuli, including 

pro-inflammatory cytokines (such as TNF-α and IL-1), microbial pathogens (such as bacterial 

lipopolysaccharides), and cellular stressors (such as oxidative stress and DNA damage). Then, 

IκB kinase (IKK) complex is activated and degrades IκB proteins, which releases the NF-κB 

dimers that translocate into the nucleus and regulates inflammatory gene transcription. 

For iCAFs specifically, a recent study showed that IL1 activates the NF-κB pathway and 

induces LIF expression. Then LIF acts in an autocrine manner to bind and activate the JAK-

STAT pathway, which ultimately produces inflammatory mediators, like IL-6 (Figure 1.9) (Biffi 

et al. 2019). 

myCAFs are regulated by the TGFb/Smad pathway. Upon activation by TGF𝛽, TGF𝛽 

receptor (a kinase) phosphorylates and activates SMAD2 and SMAD3, which then form a 

complex with SMAD4. The SMAD complex then translocates into the nucleus and initiates gene 

transcription for ECM remodeling. In the context of cancer, SMAD4 can be a tumor suppressor. 
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Figure 1.9 Reported major iCAF regulatory pathways (created with BioRender.com).   

 

1.8 Extracellular nucleotides and purinergic receptors 

Extracellular adenosine triphosphate (eATP) has been found to accumulate at high micromolar 

levels in the TME (Pellegatti et al. 2008; L.-P. Hu et al. 2019). eATP accumulates in the TME 

due to cellular stress and apoptosis; in addition, hypoxia also induces ATP release without cell 

injury (Di Virgilio et al. 2018). Given the fact that PDAC has necrotic centers and hypoxia 

regions as discussed in section 1.6, eATP might contribute to iCAF accumulation in PDAC 

hypoxic regions (Schwörer et al. 2023). Intriguingly, a recent study found macrophages can 
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release ATP under hypoxia (Bhattacharyya et al. 2022), and macrophages are a major immune 

population in the PDAC (Poh and Ernst 2021).  

Intracellular ATP is an energy carrier, while eATP mainly act as a signaling molecule 

modulating immune functions. One of the most established pathways is mediated by eATP 

binding to purinergic receptors (Di Virgilio et al. 2018) (Figure 1.10).  

Purinergic receptors are a class of cell membrane receptors include P1 receptors 

(Adenosine receptors) that are G protein-coupled receptors (GPCRs) activated by adenosine; 

P2X receptors (P2X1-P2X7) that are ligand-gated ion channels activated by eATP; P2Y 

receptors that are GPCRs activated by ATP, ADP, UTP, and UDP (Di Virgilio et al. 2018). 

There are two major outcomes under purinergic receptor activation, intracellular calcium flux 

and cAMP alteration. 

 

Figure 1.10 Extracellular nucleotides and purinergic receptors (created with 

BioRender.com). 
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The ATP molecule is relatively large and contains a lot of negative charges, thus it is  

thought to be cell impermeable. However, it was found that ATP-treated mouse cells 

significantly and rapidly increase their membrane permeability, which leads to a massive efflux 

of nucleotide pools (Chaudry 1982). In addition, some equilibrative nucleoside transporters 

(ENTs) can mediate the uptake of eATP, although more pronounced in its degraded form, 

adenosine (Boswell-Casteel and Hays 2017).  
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CHAPTER 2: NRAS MUTANT DICTATES AHCYL1-GOVERENED ER 

CALCIUM HOMEOSTASIS FOR MELANOMA TUMOR GROWTH 
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2.1 Introduction 

For a long time, calcium signaling in malignancy has not gained much attention as it was once 

viewed as uniform across all non-excitable cells, including both the normal and the cancer cells. 

However, over the past decade, accumulating evidence has shown that cancer cells apply altered 

requirement for calcium homeostasis to fulfill their need for proliferation and survival (Zheng et 

al. 2022). Since then, calcium signaling has become attractive targets for developing novel 

cancer therapies, especially ones targeting the ER. The ER is the major intracellular site for 

calcium storage and release that modulates cellular calcium homeostasis, and it coordinates with 

mitochondria and lysosomes. The ER is mostly composed of calcium-dependent molecular 

chaperones that are responsible for protein folding. Thus, disrupting ER calcium homeostasis 

causes the accumulation of unfolded or misfolded proteins and subsequently leads to ER stress 

that attenuates cell proliferation or triggers apoptosis (Sehgal et al. 2017; Preissler et al. 2020; 

Ibarra et al. 2022; Krebs, Agellon, and Michalak 2015; Luo and Lee 2013; Bahar, Kim, and 

Yoon 2016; Monteith, Prevarskaya, and Roberts-Thomson 2017; Krebs, Groenendyk, and 

Michalak 2011). 

To fulfill their need for proliferation and survival, cancer cells apply differentially 

expressed calcium pumps, channels, or exchangers, such as the upregulation of IP3R3 (Zheng et 

al. 2022; Marchi et al. 2020; Monteith, Prevarskaya, and Roberts-Thomson 2017; Marchi and 

Pinton 2016; Cui et al. 2017). The differential expression of cancer calcium regulating proteins 

have been reported to be driven by oncogenes and tumor suppressors (Zheng et al. 2022; 

Bittremieux et al. 2016). Yet, detailed characterization of how calcium signals are remodeled to 

achieve homeostasis in cancer cells is still needed, and whether different cancer oncogenic 
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background maintains oncogene-specific calcium homeostasis status remains elusive. 

Particularly, the effect of oncogene NRAS on cellular calcium homeostasis has not been studied.  

Human cutaneous melanoma is the most dangerous type of skin cancer, with 

nearly fifty percent of patients exhibiting BRAF mutations and twenty percent expressing 

mutated NRAS. Notably, these mutations are mutually exclusive in melanoma patients. 

Therefore, we use human melanoma as a model to investigate oncogene-dependent 

calcium homeostasis regulations and focus on identifying mutant NRAS specific 

requirements. This is because NRAS-mutated melanoma is typically more aggressive than 

BRAF-mutated and wild-type melanomas (Thomas et al. 2015; Jakob et al. 2012; Liszkay 

et al. 2021; Devitt et al. 2011), and while clinical treatments for BRAF-mutated 

melanoma involve the combination of BRAF and MEK inhibitors (Bollag et al. 2012; D. 

B. Johnson and Sosman 2013), there is currently no specific treatment available for 

NRAS-mutated melanoma. Previously in our research group, we conducted a 

comprehensive RNAi-based screen targeting a subset of genes related to cell metabolism 

(Kang et al. 2015) in human melanoma cells expressing mutant NRAS or BRAF. 

Reanalysis of the screen results reveals that the ER protein AHCYL1, that governs ER 

calcium homeostasis, is selectively critical for human melanoma expressing NRAS 

mutation. 

AHCYL1 has been reported to bind to and suppress the IP3R (Ando et al. 2003). 

Although AHCYL1 shares a similar protein structure with adenosylhomocysteinase 

(AHCY), it does not have enzymatic activity due to two site mutations and a coiled-coil 

region that is not present in AHCY (Devogelaere, Sammels, and De Smedt 2008). IP3R 

is activated by the binding of IP3. With an additional IRBIT domain, AHCYL1 inhibits 
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IP3 binding and prevents calcium efflux from the ER induced by IP3, thereby suppresses IP3R 

activity (Ando et al. 2006; Devogelaere et al. 2006). Previous study has correlated AHCYL1 

expression with colorectal cancer patient survival (Li et al. 2022). However, the exact 

mechanism by which AHCYL1 affects cancer cell proliferation and survival as well as the role 

of AHCYL1 in human melanoma remain unclear. 

Here, we report that, AHCYL1 is selectively critical for human melanoma expressing 

NRAS mutation, but not for those expressing BRAF mutation. Specifically, we identify AHCYL1 

as an oncogene-dependent key regulator of ER calcium homeostasis, with its deficiency leading 

to decreased ER calcium levels, activating the UPR and ultimately causing cell apoptosis. Our 

findings suggest that targeting the AHCYL1-IP3R axis presents a novel therapeutic approach for 

NRAS-mutated melanomas, with potential applicability to all cancers harboring RAS mutations, 

such as KRAS-mutated human colorectal cancers. 
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2.2 Materials and Methods 

Cell culture: 

Cell experiments were conducted and designed according to protocols approved by the 

Institutional Biosafety Committee of the University of Chicago. 

Human HEK293T (RRID: CVCL_0063), HMCB (RRID: CVCL_3317),  A375 (RRID: 

CVCL_0132), VMM39 (RRID: CVCL_A739), SK-MEL-5 (RRID: CVCL_0527), A2058 

(RRID: CVCL_1059), VM1985 (RRID: N/A), VM164 (RRID: N/A), SK- MEL-2 (RRID: 

CVCL_0069), HT29 (RRID: CVCL_0320), HCT116 (RRID: CVCL_0291), and Hs 936.T (C1; 

RRID: CVCL_1033) were obtained from the ATCC, Human SK-MEL-147 was from Sigma 

SCC440 (RRID: CVCL_3876). Human Mel-ST cells were obtained from a 2015 MC paper 

(Kang et al.(Kang et al. 2015); RRID:N/A). VMM39 was cultured in RPMI-1640 (Gibco, 11875-

093) with 10% fetal bovine serum (FBS; Sigma, F2442) supplemented with 1% 

penicillin/streptomycin (P/S; Gibco, 15070-063). HCT116 and HT29 were cultured in McCoy’s 

5a medium (Cytiva, SH30200.01) with 10% FBS and 1% P/S. All the rest of the cells were 

cultured in Dulbecco Modified Eagle Medium (DMEM; Gibco, 11965-092) with 10% FBS and 

1% P/S. All the cells were cultured at 37℃ and 5% CO2. After thawing, cells were used for up to 

10 passages and their authenticities were checked by short tandem repeat 

analysis. Mycoplasma testing was not done. Cell experiments were conducted and designed 

according to protocols approved by the Institutional Biosafety Committee of the University of 

Chicago. 
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Animal study: 

The mouse study was approved by the Institutional Animal Care and Use Committee (IACUC) at 

the University of Chicago. Nude mice (athymic nu/nu, 4-6 weeks old, female, Harlan 

Laboratories, RRID: IMSR_JAX:002019) were subcutaneously injected with 1´106 melanoma 

cells in 30% Matrigel (Corning, 354234) in PBS on the flanks. Tumor growth was measured 

starting from 8 days after inoculation by measurement of two perpendicular diameters with 

calipers. Tumor volume was calculated using formula 4p/3 ´ (width/2)2 ´ (length/2), and tumors 

were harvested from euthanized mice and weighed at experimental endpoints. Freshly excised 

mouse tumor tissues were minced into small pieces by scissors in HBSS, digested by 

Collagenase IV (1 mg/mL) and DNase I (200 U/mL) (EMD Millipore, 260913-10MU) in 5 ml 

HBSS (Gibco, 14025-092) at 37°C for 30 minutes with gentle rocking. The digestion reaction 

was quenched by 100 μl of 0.5M EDTA pH 8.0. The digested tumor tissues were then filtered 

into new tube through 70-μm nylon mesh strainer and centrifuged at 300×g for 10 minutes at 

room temperature, supernatant was discarded. Then, 10 ml Ammonium Chloride Solution 

(STEMCELL, 07850) was added, and tumor tissues were incubated at room temperature for 5 

minutes to remove red blood cells. Reaction was quenched by FBS-containing media and washed 

3 times. Next, isolated tumor cells were processed for protein collection, immunoblotting, and 

Ki-67 (BioLegend, 151208) flow cytometry. 

 

The Cancer Genome Atlas (TCGA) analysis: 

mRNA expression data from human skin cutaneous melanoma patient samples (TCGA, 

PanCancer Atlas) and human colorectal adenocarcinoma patient samples (TCGA, PanCancer 

Altas) were obtained from TCGA cBioPortal (https://www.cbioportal.org/), and mRNA 
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expression of z-scores relative to all samples (log RNA-seq V2 RSEM) was compared. Wild-

type melanoma refers to melanoma samples expressing both wild-type NRAS and wild-type 

BRAF. 

 

Transient expression in human immortalized Mel-ST melanocytes: 

Mel-ST cells were seeded the day before transfection to around 70% confluence. 2.5 µg of WT 

NRAS, NRAS Q61K, and BRAF V600E expression vectors, or an empty expression vector were 

transiently introduced into Mel-ST cells by Lipofectamine 3000 reagent (Life Technologies, 

L3000015) following the manufacturer’s instructions. Three to five days after transfection, 

transfected cells were collected for RNA or protein analysis. 

 

RNA extraction and RT-PCR:  

Total RNA was purified from cultured cells using TRIzol reagent (Ambion, 15596026), and 1 µg 

of cDNA was synthesized from total isolated RNA using iScript cDNA Synthesis Kit (Bio-Rad, 

1708891) per manufacturer’s instructions. qPCR analysis was performed using iTaq Universal 

SYBR Green Supermix (Bio-Rad, 1725121) with the following primers. 

DDIT3 primers: R-CTTGTGACCTCTGCTGGTTCTG; F-

GGTATGAGGACCTGCAAGAGGT. 

AHCYL1 primers: F-GAAGCAGGCCAAGGAGATCG; R-GAGGACTGTGAGATCGAGCG. 

GAPDH primers: F-GTCTCCTCTGACTTCAACAGCG; R-

ACCACCCTGTTGCTGTAGCCAA. 

ATF2 primers: F-GGTAGCGGATTGGTTAGGACTC; R-TGCTCTTCTCCGACGACCACTT. 

ITPR3 primers: F-CTGTGAACTGCAACACCAGC; R-ACTCGTCACACGTCAGGAAC. 
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AHCYL2 primers: F-AGTCAAGAAGCAGATCCAGTTT; R- 

TATATGAAGCCGCTGAGCTGTA. 

MAPK14 primers: F-CCAGCTTCAGCAGATTATGCG; R-CGCAAAGTTCATCTTCGGCA. 

ATF4 primers: F-TTCTCCAGCGACAAGGCTAAGG; R-CTCCAACATCCAATCTGTCCCG. 

ATF6 primers: F-CAGACAGTACCAACGCTTATGCC; R-

GCAGAACTCCAGGTGCTTGAAG. 

XBP1 primers: F-CTGCCAGAGATCGAAAGAAGGC; R-

CTCCTGGTTCTCAACTACAAGGC. 

PHGDH primers: F-CTGCGGAAAGTGCTCATCAGT; R-

TGGCAGAGCGAACAATAAGGC. 

SCD primers: F-TCTAGCTCCTATACCACCACCA; R-TCGTCTCCAACTTATCTCCTCC. 

HMGCS1 primers: F-GATGTGGGAATTGTTGCCCTT; R-

ATTGTCTCTGTTCCAACTTCCAG. 

RIT1 primers: F-TTCATCAGCCACCGATTCCC R-GCAGGCTCATCATCAATACGGA. 

BTG2 primers: F-GCAGAGGCTTAAGGTCTTCAGC; R-TGGTTGATGCGAATGCAGCGGT. 

RRM2 primers: F-CACGGAGCCGAAAACTAAAGC; R-TCTGCCTTCTTATACATCTGCCA. 

PFKL primers: F-AAGAAGTAGGCTGGCACGACGT; R-

GCGGATGTTCTCCACAATGGAC. 

TRIB3 primers: F-GCTTTGTCTTCGCTGACCGTGA; R-CTGAGTATCTCAGGTCCCACGT. 

P4HA1 primers: F-GCCAAAGCTCTGTTACGTCTCC; R-

CAAAGCAGTCCTCAGCCGTTAG. 

GNL3 primers: F-GCCAGGTGAAGGTTCCAAGG; R-CAGCCTCTCGATTGGCATGAT. 
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HSP90AB1 primers: F-AGAAATTGCCCAACTCATGTCC; R-

ATCAACTCCCGAAGGAAAATCTC 

CCT7 primers: F-GCTGGTGTTGCATTCAAGAAG; R-TTGCCTGATAATCCTCAACTGTG. 

DUT primers: F- GAAGCCGCGGTACTCTCC; R-TGAAATGGCGGGTGTCTCC. 

TYMS primers: F-GGTGTTTTGGAGGAGTTGCTGTG; R-

GGAGAATCCCAGGCTGTCCAAA. 

PCNA primers: F- CAAGTAATGTCGATAAAGAGGAGG; R-

GTGTCACCGTTGAAGAGAGTGG. 

CDC45 primers: F-GGAGAACACACTCTCCGTGG; R- GGGAAGACCCATGTCTGCAA. 

NOLC1 primers: F- GTAGCAGTGATGACTCAGAGGAG; R-

CTGGAGGAATCCTCACTGCTAG. 

NME1 primers: F-AAGGAGATCGGCTTGTGGTTT; R- CTGAGCACAGCTCGTGTAATC. 

RRP9 primers: F-TGAGGCCCGTGCATTTGAG; R-CCCCGTAAAACGCGAATGTC. 

WDR43 primers: F-CCTACTTCGCTTTGGCCTCTA; R-GAAGGCACGTACTCCTGGTG. 

NPM1 primers: F- ACGGTCAGTTTAGGGGCTG; R-CTGTGGAACCTTGCTACCACC. 

GRWD1 primers: F-AGTCCGGCGACACAAGTTC; R-CTCGGTGGTAGAGCACATAGG. 

IPO4 primers: F-GCTCCAGATCGTTCTTCGGG; R-CCGTCAGGATCAGGGACTTG. 

AIMP2 primers: F-GCCACGTGCAGGAAGAGT; R-CCAGCGCATTGGTGGTTAAA. 

TCOF1 primers: F-AAGTCAGCCCACACGCTG; R-GCTTGCCATCTGGGTCATCT. 

RABEPK primers: F-AGCTTCATTCCCTCCTGCAC; R-CAATGGCTGCCGATGATGTG. 
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Immunoblotting and antibodies: 

For all western blot experiments, protein lysates were prepared using RIPA cell lysis buffer 

(Millipore Sigma, 20-188) supplemented with protease inhibitors (Millipore Sigma, 59813300) 

and incubated on ice for 30 minutes. Protein lysate was quantified using Pierce Rapid Gold BCA 

Protein Assay Kit (Thermo Fisher Scientific, A53225) and denatured with Laemmli SDS sample 

buffer (Thermo Fisher Scientific, J61337). Twenty to 30 µg of protein was loaded into wells of 

homemade SDS-PAGE gel along with molecular weight markers (Thermo Fisher Scientific, 

26616). Gel was run at 110V for 1–2 hours. Resolved proteins were then transferred onto a 

nitrocellulose membrane by wet transfer. After transfer, membrane was blocked in TBST with 

5% skimmed milk for 1 hour and probed with relevant primary and secondary antibodies in 

TBST with 5% skimmed milk. Quantification of western blot bands was carried out by 

subtracting the background from the band intensity using software ImageJ. The following 

primary antibodies were used: Rabbit monoclonal anti-GAPDH antibody (1:15,000 dilution, Cell 

Signaling Technology, 2118S, RRID: AB_561053), Mouse monoclonal anti-𝛽-actin antibody 

(1:5000, Sigma-Aldrich, A1978, RRID: AB_476692), AHCYL1/SAHH-3 (D-7) antibody 

(1:1,000, Santa Cruz Biotechnology, sc271581, RRID: AB_10649944), ATF-2 Antibody (F2BR-

1; 1:250, Santa Cruz Biotechnology, sc-242, RRID: AB_626708), Rabbit monoclonal anti-BRAF 

antibody (1:2,000, Cell Signaling Technology, 14814S, RRID: AB_2750887), NRAS Polyclonal 

antibody (1:2,000, Proteintech, 10724-1-AP, RRID: AB_2154209), ATF-4 (D4B8) Rabbit mAb 

(1:500, Cell Signaling Technology, 11815, RRID: AB_2616025), ATF-6 (D4Z8V) Rabbit mAb 

(1:500, Cell Signaling Technology, 65880, RRID: AB_2799696), CREB (48H2) Rabbit mAb 

(1:500, Cell Signaling Technology, 9197S, RRID: AB_331277), Phospho-CREB (Ser133; 87G3) 

Rabbit mAb (1:500, Cell Signaling Technology, 9198S, RRID: AB_2561044), Calnexin (C5C9) 
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Rabbit mAb (Cell Signaling Technology, 2679S, RRID: AB_2228381), IP3 Receptor 1 (D53A5) 

Rabbit mAb (Cell Signaling Technology, 8568S, RRID: AB_10890699), CHOP (L63F7) Mouse 

mAb (1:500, Cell signaling Technology, 2895, RRID: AB_2089254), pSTAT3 Tyr705 (1:1000, 

Cell Signaling Technology, 9131L, RRID: AB_331586), STAT3 (CST), GFP (1:1,000, Sigma, 

11814460001, RRID:AB_390913). p65 (1:1,000, Cell Signaling Technology, 8242S, 

RRID:AB_331757), lamin A/C (1:1,000, Cell Signaling Technology, 4777, 

RRID:AB_10545756). The following secondary antibody was used: Goat anti-Mouse IgG (HþL) 

Secondary Antibody, HRP (1:5000 dilution, Thermo Fisher Scientific, 31430, RRID: 

AB_228307), Goat anti-Rabbit IgG (HþL) Secondary Antibody, HRP (1:5000 dilution, Thermo 

Fisher Scientific, 31460, RRID: AB_228341). HRP was detected by chemiluminescence by 

Clarity Western ECL Substrate (Bio-Rad, 1705061) by a film developer. 

 

RNA interference 

For RNA interference experiments, cells were seeded the day before to around 70% confluence 

and were transfected with 30 pmol targeting siRNAs or control siRNAs using Lipofectamine 

RNAiMAX Transfection Reagent (Life Technologies, 13778030) following manufacturer’s 

instructions. For siAHCYL1 cell proliferation assay, 24 hours after transfection, 50,000 cells 

were re-seeded in 6-well plate. Cell number was recorded daily on automated cell counter (Bio-

Rad, TC20) after mixing cell suspension with trypan blue (Sigma-Aldrich, T8154-100ML). 

Proteins and RNAs were collected for further analysis on day 4 or day 5. For siATF4 and 

siATF6 assay, 15 pmol of each siRNA was combined for transfection; for siXBP1 assay, 15 

pmol of siXBP1 was transfected. 24h after transfection, transduction for AHCYL1 knockout was 
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performed (detailed transduction procedure can be found in the transduction method section). 

After puromycin selection, 50,000 cells were re-seeded, and endpoint cell number was recorded. 

Hs_AHCYL1_2 FlexiTube siRNA (called “siAHCYL1 #1” in the manuscript) (Qiagen, 

SI00090335); Hs_AHCYL1_3 FlexiTube siRNA (called “siAHCYL1 #2” in the manuscript) 

(Qiagen, SI00090342); Hs_ATF4_5 FlexiTube siRNA (Qiagen, SI03019345); Hs_ATF6_5 

FlexiTube siRNA (Qiagen, SI03019205); XBP-1 siRNA (h): sc-38627 (SANTA CRUZ 

BIOTECHNOLOGY); Control siRNA (Qiagen, 1022076). 

 

Construction of shRNA knockdown plasmids 

All shRNAs were from Human pLKO.1 the RNAi consortium (TRC) Library (BROAD Institute/ 

Open Biosystems (https://www.broadinstitute.org/rnai-consortium/rnai-consortium-shrna-

library). shRNA-mediated stable cell lines were generated following “Lentivirus production and 

transduction” as stated below. For shAHCYL1 and shAHCYL2 proliferation assay, 50,000 cells 

were seeded in 6-well plate and cell number was recorded daily. For shITPR3 assay, cells were 

seeded to around 70% confluence, transfected with siAHCYL1 for 24h and re-seeded and 

endpoint cell number was recorded. 

Human shAHCYL1 #1: GCACTGATAGAACTCTATAAT.  

Human shITPR3 #1: CGTGAAGAACAAGACCGACTA.  

Human shAHCYL2 #1: GCTCTAGCAGAAAGTGGATTT.  

Human shAHCYL2 #2: GCAGAGTTTGGACGAAGAGAA. 
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Construction of CRISPR-Cas9 knockout plasmids 

All sgRNAs were designed by CRISPick (Broad Institute) and ordered from IDT. Guide RNAs 

were cloned into pLentiCRISPRv2 following Zhang Lab CRISPR cloning protocol (Shalem et 

al. 2014; Sanjana, Shalem, and Zhang 2014), and transformed and amplified using Stable 

Competent E. coli (High Efficiency) (NEB, C3040H). Successful cloning was confirmed by low 

throughput Sanger sequencing at UChicago DNA Sequencing Core.  

Human sgAHCYL1 sg1: GATGTTTGGTGGGAAACAAG.  

Human sgAHCYL1 sg2: AGATGTTACAAGCAGACCAG.  

Human sgATF2 sg1: GCTCGTTCGACCAGTCACCA.  

Human sgATF2 sg2: GGACGAACAATAGCTGATGT.  

NTC (Doench et al. 2016) (non-targeting control) oligo: GTAGGCGCGCCGCTCTCTAC. 

LentiCRISPR v2 plasmid was a gift from Feng Zhang (Addgene plasmid # 52961; 

http://n2t.net/addgene: 52961; RRID: Addgene_52961) (Sanjana, Shalem, and Zhang 

2014).  

 

Construction of CRISPR/Cas9-resistant wild-type AHCYL1 expression plasmid 

CRISPR-Cas9-resistant WT AHCYL1 was generated by mutating Human sgAHCYL1 sg1 

targeting sequence from GATGTTTGGTGGGAAACAAG into GATGTTcGGcGGcAAgCAgG. 

After Sanger sequencing validation, expression plasmid was cloned into pENTR-TOPO 

backbone using pENTER/D-TOPO Cloning Kit (Invitrogen, 45-021-8) following manufacturer’s 

instructions. pENTR-WT-AHCYL1 was cloned into pLenti CMV Blast DEST backbone by 

Gateway LR Clonase II Enzyme Mix (Invitrogen, 11791020), and amplified using 5-alpha 

Competent E. coli (High Efficiency) (NEB, C2987H). 

http://n2t.net/addgene


35 
 

pLenti CMV Blast DEST (706-1) was a gift from Eric Campeau & Paul Kaufman 

(Addgene plasmid # 17451; http://n2t.net/addgene:17451; RRID:Addgene_17451). 

Complete DNA sequence of CRISPR-resistant human AHCYL1: 

ATGTCGATGCCTGACGCGATGCCGCTGCCCGGGGTCGGGGAGGAGCTGAAGCAGGC

CAAGGAGATCGAGGACGCCGAGAAGTACTCCTTCATGGCCACCGTCACCAAGGCGC

CCAAGAAGCAAATCCAGTTTGCTGATGACATGCAGGAGTTCACCAAATTCCCCACC

AAAACTGGCCGAAGATCTTTGTCTCGCTCGATCTCACAGTCCTCCACTGACAGCTAC

AGTTCAGCTGCATCCTACACAGATAGCTCTGATGATGAGGTTTCTCCCCGAGAGAAG

CAGCAAACCAACTCCAAGGGCAGCAGCAATTTCTGTGTGAAGAACATCAAGCAGGC

AGAATTTGGACGCCGGGAGATTGAGATTGCAGAGCAAGACATGTCTGCTCTGATTTC

ACTCAGGAAACGTGCTCAGGGGGAGAAGCCCTTGGCTGGTGCTAAAATAGTGGGCT

GTACACACATCACAGCCCAGACAGCGGTGTTGATTGAGACACTCTGTGCCCTGGGG

GCTCAGTGCCGCTGGTCTGCTTGTAACATCTACTCAACTCAGAATGAAGTAGCTGCA

GCACTGGCTGAGGCTGGAGTTGCAGTGTTCGCTTGGAAGGGCGAGTCAGAAGATGA

CTTCTGGTGGTGTATTGACCGCTGTGTGAACATGGATGGGTGGCAGGCCAACATGAT

CCTGGATGATGGGGGAGACTTAACCCACTGGGTTTATAAGAAGTATCCAAACGTGTT

TAAGAAGATCCGAGGCATTGTGGAAGAGAGCGTGACTGGTGTTCACAGGCTGTATC

AGCTCTCCAAAGCTGGGAAGCTCTGTGTTCCGGCCATGAACGTCAATGATTCTGTTA

CCAAACAGAAGTTTGATAACTTGTACTGCTGCCGAGAATCCATTTTGGATGGCCTGA

AGAGGACCACAGATGTGATGTTcGGcGGcAAgCAgGTGGTGGTGTGTGGCTATGGTGA

GGTAGGCAAGGGCTGCTGTGCTGCTCTCAAAGCTCTTGGAGCAATTGTCTACATTAC

CGAAATCGACCCCATCTGTGCTCTGCAGGCCTGCATGGATGGGTTCAGGGTGGTAAA

GCTAAATGAAGTCATCCGGCAAGTCGATGTCGTAATAACTTGCACAGGAAATAAGA
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ATGTAGTGACACGGGAGCACTTGGATCGCATGAAAAACAGTTGTATCGTATGCAAT

ATGGGCCACTCCAACACAGAAATCGATGTGACCAGCCTCCGCACTCCGGAGCTGAC

GTGGGAGCGAGTACGTTCTCAGGTGGACCATGTCATCTGGCCAGATGGCAAACGAG

TTGTCCTCCTGGCAGAGGGTCGTCTACTCAATTTGAGCTGCTCCACAGTTCCCACCTT

TGTTCTGTCCATCACAGCCACAACACAGGCTTTGGCACTGATAGAACTCTATAATGC

ACCCGAGGGGCGATACAAGCAGGATGTGTACTTGCTTCCTAAGAAAATGGATGAAT

ACGTTGCCAGCTTGCATCTGCCATCATTTGATGCCCACCTTACAGAGCTGACAGATG

ACCAAGCAAAATATCTGGGACTCAACAAAAATGGGCCATTCAAACCTAATTATTAC

AGATACTAA 

 

Lentivirus production, transduction, and cell proliferation assay: 

293T cells were seeded the day before virus production and reached 70% confluency for 

transfection. Lentiviruses were packaged by cotransfecting psPAX2, pMD2.G, and expression 

plasmids into HEK293T cells using TransIT-LT1 Transfection Reagent (Mirus, MIR 2305). 

After 18 hours, culture media were changed with virus harvesting media (DMEM with 10% FBS 

plus 1% BSA), and viruses were collected after 48 hours of transfection. Harvested viruses were 

filtered through a 0.45 μm filter and used for cell transduction. HMCB cells were transduced 

with 4 μg/mL polybrene (American Bioanalytical, AB01643-00001), and all other cell lines were 

transduced with 8 μg/mL polybrene. Transduced cells were selected with 2 μg/mL puromycin 

(Sigma-Aldrich, P8833) for 48 hours for stable cell lines. Single-cell clones were obtained by 

serial dilution method from HMCB sgAHCYL1 #1. After resistance selection, 50,000 cells were 

re-seeded in a 6-well plate for cell proliferation assay on day 0. Meanwhile, chemicals were 

added: ISRIB (a generous gift from the Elf Lab), 4-Phenylbutyric acid (Sigma-Aldrich, P21005), 



37 
 

TUDCA (Millipore, 580549). Cell number was recorded daily on the automated cell counter 

(Bio-Rad, TC20) after mixing cell suspension with trypan blue (Sigma-Aldrich, T8154-100ML). 

Proteins or RNAs were collected for further analysis on day 4 or day 5. 

psPAX2 was a gift from Didier Trono (Addgene plasmid # 12260; 

http://n2t.net/addgene:12260; RRID:Addgene_12260); pMD2.G was a gift from Didier Trono 

(Addgene plasmid # 12259; http://n2t.net/addgene:12259; RRID:Addgene_12259). 

 

ER isolation  

ER and post-mitochondria fraction (PMF) were isolated using an Endoplasmic Reticulum 

Isolation Kit (Sigma-Aldrich, ER0100) following the manufacturer’s instructions. PMF refers to 

the cytosol after removing the ER, mitochondria, and nucleus. Isolated fractions were lysed by 

RIPA cell lysis buffer (Millipore Sigma, 20-188) supplemented with protease inhibitors 

(Millipore Sigma, 59813300) and followed protein extraction steps as stated in “Immunoblotting 

and antibodies” section. Successful ER isolation was confirmed by calnexin expression, and 

successful PMF isolation was confirmed by b-actin expression.  

 

ER calcium detection 

Cells were seeded 24 hours in advance to around 70% confluence in 35 mm imaging dishes 

(Cellvis, D35-20-1.5-N) and transfected with 0.8 µg of pCMV R-CEPIA1er plasmid using 

Lipofectamine 3000 reagent (Life Technologies, L3000015) and Opti-MEM (Gibco, 31985-070) 

the next day. 24 hours later, media were changed, and cells were proceeded for analysis by either 

imaging or flow cytometry. For imaging, fluorescence was imaged under 562nm/641nm using 

Olympus “live cell” DSU Spinning Disk Confocal at UChicago Integrated Light Microscopy 
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Core. Images and fluorescence intensity were analyzed using ImageJ. For flow cytometry, 

fluorescence was analyzed on LSR-Fortessa 4-15 flow cytometer or LSRII 4-12 at the UChicago 

Cytometry and Antibody Technology Core Facility, and data were analyzed using FlowJo v10.4. 

pCMV R-CEPIA1er was a gift from Masamitsu Iino (Addgene plasmid # 58216; 

http://n2t.net/addgene:58216; RRID: Addgene_58216). 

 

XBP1 splicing assay 

Total RNA was extracted from samples and reverse transcribed as described above. XBP1 cDNA 

was PCR amplified with primers: F-AGGAAACTGAAAAACAGAGTAGCAGC; R-

TCCTTCTGGGTAGACCTCTGG. Amplified cDNA was split into half: half was kept for 

“Uncut XBP1” control, half was digested using Pst1-HF (BioLabs, R3140L) enzyme. Samples 

were loaded with Gel loading dye (BioLabs, B7025S) and run on a DNA gel along with DNA 

ladder (BioLabs, N3232S). Spliced XBP1 ratio was calculated by dividing spliced XBP1 (1S) by 

total XBP1 band intensity. XBP1 band intensity was quantified using ImageJ using “Gels” 

function. 

 

Apoptosis assay 

Cell apoptosis was analyzed using Annexin V (BD, 556547) and PI staining (Thermo Fisher, 

BMS500PI) following the manufacturer's instructions. Data were collected on LSR-Fortessa 4-

15 flow cytometer or LSRII 4-12 at the UChicago Cytometry and Antibody Technology Core 

Facility and analyzed using FlowJo v10.4. 
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Cell-cycle analysis 

One million cells were collected for each group, washed with PBS, and fixed dropwise with 70% 

cold ethanol with gentle vortexing. Cells were fixed on ice for 1 hour and washed with cold PBS. 

0.5 mg/ml Rnase A was added and incubated at 37 degrees for 1 hour. Cells were stained with 10 

μg/ml PI solution (ThermoFisher, BMS500PI) and analyzed by flow cytometry at 488 nm. 

 

RNA-sequencing and analysis: 

Sample triplicates were collected and followed by RNA extraction using the PureLink RNA 

Mini Kit (12183018A, Invitrogen) per the manufacturer's instructions. At least 500 ng of 

extracted RNA per sample was sent to Novogene for sequencing and bioinformatics analysis. 

RNA sequencing was performed via Illumina Next-Generation Sequencing. Fragments were 

aligned with HISAT2 to reference genes, and differential gene-expression analysis was 

performed by DESeq.  

 

Transcription factor scan 

Transcription factor scan was performed using “gene-regulation.com” (http://gene-

regulation.com/pub/programs.html), with program “Match - 1.0 Public”. Potential transcription 

factors that recognize AHCYL1 promoter region were identified.  

 

Statistical analysis 

Statistical analysis for all experimental data is included in the figure legends, with sample size 

and type of analysis indicated. P values less than or equal to 0.05 is considered as significant: ns, 

not significant; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.  

http://gene-regulation.com/pub/programs.html
http://gene-regulation.com/pub/programs.html
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2.3 Results 

AHCYL1 is selectively highly expressed in mutant NRAS but not mutant BRAF expressing 

human melanoma.  

We previously conducted loss-of-function RNAi screens to identify oncogene-specific metabolic 

requirements (Kang et al. 2015; Gao et al. 2022), which reveals that AHCYL1 is among the top 

candidates that are critical for cell proliferation of mutant NRAS expressing human melanoma 

cells, but not for mutant BRAF or WT expressing human melanoma cells (Fig. S2.1A). 

Intriguingly, we found that AHCYL1 mRNA level correlates with NRAS mutational status in 

human skin cutaneous melanoma from the cancer genome atlas (TCGA) analysis (Fig. 2.1A), 

and we confirmed the selective upregulation of AHCYL1 mRNA levels (Fig. 2.1B) and protein 

expression (Fig. 2.1C) in diverse human melanoma cells harboring mutated NRAS compared to 

cells harboring mutated BRAF. To further explore the causative connection between NRAS 

mutational status and AHCYL1 expression, we transiently introduced WT NRAS, NRAS Q61K, 

BRAF V600E, or an empty expression vector into human immortalized Mel-ST melanocytes. We 

found that, only introducing NRAS Q61K results in increased protein and mRNA levels of 

AHCYL1 in Mel-ST cells (Fig. 2.1D), suggesting NRAS dependent AHCYL1 regulation. 

Collectively, these results demonstrate that AHCYL1 is selectively upregulated in mutant NRAS 

but not mutant BRAF expressing human melanoma, implying AHCYL1 selective criticalness. 

 

AHCYL1 is selectively critical for cell proliferation and tumor growth of NRAS-mutated 

human melanoma. 

Next, we sought to investigate whether AHCYL1 selective upregulation in NRAS-mutated 

human melanoma (Fig. 2.1) corresponds with selective requirement of AHCYL1. First, we 
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knocked down AHCYL1 using siRNA, and AHCYL1 deficiency results in selective proliferation 

attenuation in HMCB cells expressing mutant NRAS but not A375 cells expressing mutant BRAF 

(Fig. 2.2A, 2.2B; knockdown efficiency shown in Fig. 2.2C). In addition, we examined three 

other human melanoma cell lines, VMM39 and SK-MEL-2 that express mutant NRAS, and SK5 

that expresses mutant BRAF. Consistent with these results, AHCYL1 knockdown by siRNA 

selectively attenuates the cell proliferation of VMM39 and SK-MEL-2 but not SK5 (Fig. S2.1B-

S2.1E). 

In addition, shRNA mediated AHCYL1 knockdown results in attenuated cell proliferation 

in HMCB (NRAS Q61K, Fig. 2.2D), but not in A375 cells (BRAF V600E, Fig. 2.2E, 2.2F), 

confirming selective AHCYL1 requirement in NRAS-mutated melanoma cells. Then, we 

inoculated the HMCB and A375 shAHCYL1 cells into nude mice for xenograft implantation. 

Consistent with our in vitro findings, AHCYL1 knockdown significantly decreases the tumor 

growth potential in HMCB shAHCYL1 cells implanted mice (Fig. 2.2G), while no significant 

changes were observed in A375 shAHCYL1 cells implanted mice (Fig. 2.2H). All these show 

that AHCYL1 is selectively critical for both the cell proliferation and tumor growth potential of 

NRAS-mutated human melanoma. 

To further validate, we conducted CRISPR-Cas9 mediated AHCYL1 knockout. 

Consistent with previous findings, HMCB cells (NRAS Q61K) show decreased cell proliferation, 

whereas no significant differences of cell proliferation in A375 cells (BRAF V600E) (Fig. 2.2I-

2.2K). In addition, we obtained single cell clones from HMCB AHCYL1 knockout polyclonal 

cells (Fig. S2.1F) and introduced either WT AHCYL1 expression vector or control vector back 

into the single cell clone to a comparable AHCYL1 protein level as in parental HMCB cells (Fig. 

2.2L, 2.2M). Introducing AHCYL1 back rescues the growth defect caused by AHCYL1 
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deficiency, further demonstrating that the growth defect is from AHCYL1 deficiency itself and 

suggesting no off-target effects from AHCYL1 sgRNAs (Fig. 2.2L). Then, we injected the 

HMCB AHCYL1 knockout and rescue cell line into nude mice, and both the tumor growth 

potential and Ki-67 expression decrease with AHCYL1 knockout cells implantation comparing to 

rescue or control HMCB cell implanted mice (Fig. S2.1G). Moreover, we injected A375 

AHCYL1 knockout cells into nude mice, and there are no significant differences in tumor growth 

potential or Ki-67 expression comparing to control A375 cells (Fig. S2.1H). We also analyzed 

the cell cycle before and after AHCYL1 knockout. Results show that, after AHCYL1 knockout, 

HMCB cells exhibit cell cycle arrest at G0/G1 phase (Fig. S2.2A), while no significant change in 

A375 cells (Fig. S2.2B). These results together suggest that AHCYL1 is selectively critical for 

both the cell proliferation and the tumor growth potential of NRAS-mutated human melanoma.  

Both AHCYL1 and AHCYL2 are AHCY-like proteins that share similar protein 

sequence (Devogelaere, Sammels, and De Smedt 2008). Thus, we investigated the role of 

AHCYL2 in oncogene-specific metabolic regulations. Based on TCGA analysis, AHCYL2 

mRNA is not upregulated in human NRAS-mutated skin cutaneous melanoma (Fig. S2.3A). 

Additionally, AHCYL2 mRNA levels are significantly lower than AHCYL1 mRNA levels in both 

HMCB cells (Fig. S2.3B) and A375 cells (Fig. S2.3C), with around 50 and 30 times less 

expression, respectively. This implies much less AHCYL2 expression in human melanoma cells 

compared to AHCYL1. To examine AHCYL2 requirement, we conducted shRNA-mediated 

knockdown of AHCYL2, and the results show that AHCYL2 it’s not critical for HMCB cell 

proliferation (Fig. S2.3D). Mechanistically, even though sharing similar protein sequences, 

AHCYL2 cannot bind to IP3R as AHCYL1, due to its extra non-structural proline/alanine tail 

(Ando, Kawaai, and Mikoshiba 2014; Ando, Mizutani, and Mikoshiba 2009). In conclusion, 
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AHCYL2 is expressed at much lower levels than AHCYL1 in human melanoma cells, and not 

required for cell proliferation in NRAS-mutated melanoma.  

 

AHCYL1 is selectively critical for cell proliferation of KRAS-mutated human colorectal 

cancer cells, but not for human colorectal cancer cells expressing mutant BRAF. 

To explore whether AHCYL1 is critical for other RAS mutated cancers, we examined two human 

colorectal cancer cell lines, HCT116 expressing mutant KRAS G13D and HT29 expressing 

mutant BRAF V600E. First, we knocked down AHCYL1 using shRNA, and AHCYL1 deficiency 

results in selective growth attenuation in HCT116 cells (KRAS G13D) but not HT29 cells (BRAF 

V600E) (Fig. S2.4A-S2.4C). Consistent with the shRNA results, siRNA mediated AHCYL1 

knockdown also causes selective growth attenuation in HCT116 cells but not in HT29 cells (Fig. 

S2.4D-S2.4F). Thus, these results together suggest that AHCYL1 is selectively critical for 

KRAS-mutated human colorectal cancer cell HCT116 proliferation. However, TCGA data 

analysis reveals that KRAS mutational status does not correlate with AHCYL1 (Fig. S2.4G) 

mRNA levels in human colorectal adenocarcinoma patient samples, suggesting that KRAS 

mutants might achieve AHCYL1 reliance through different mechanisms compared to cancer 

cells expressing NRAS mutants. 

 

AHCYL1 deficiency causes ER calcium decrease in NRAS mutant-expressing melanoma 

cells.  

AHCYL1 has been reported to bind to and suppress the IP3R, an ER calcium channel protein, 

and such binding prevents IP3 induced ER calcium release (Ando et al. 2006; Devogelaere et al. 

2006). Thus, we examined the calcium levels in the ER before and after AHCYL1 deficiency. 
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First, we generated HMCB (NRAS Q61K) and A375 (BRAF V600E) cells with stable IP3R 

knockdown, isolated the ER proportion and the post-mitochondria fraction (PMF) (the cytosol 

after removing the nucleus, mitochondria, and the ER), and measured AHCYL1 protein level. 

Results show that AHCYL1 recruitment and localization on the ER decrease after IP3R (ITPR3) 

knockdown (Fig. 2.3A, S2.5A). We validated that IP3R deficiency doesn’t change AHCYL1 

protein level in the whole cell lysates from HMCB and A375 cells (Fig S2.5B). Interestingly, the 

proportion of AHCYL1 localizing on the ER comparing to in the cytosol is also higher in HMCB 

(NRAS Q61K) than in A375 (BRAF V600E) (Fig. 2.3B), suggesting higher binding affinity of 

AHCYL1 to the ER in HMCB cells. Next, we examined ER calcium levels using an ER specific 

calcium sensor, and found that in HMCB cells expressing mutated NRAS, stable knockdown of 

AHCYL1 leads to a significant decrease in ER calcium levels, while no significant change was 

observed in A375 cells expressing mutated BRAF (Fig. 2.3C, 2.3D). To further confirm, we 

measured ER calcium levels in AHCYL1 knockout HMCB cells, where we put back either WT 

AHCYL1 expression vector (“Rescue”) or control vector (“AHCYL1 KO”) (Fig. 2.2L, 2.2M) and 

found that putting back WT AHCYL1 rescues the ER calcium decrease resulting from AHCYL1 

deficiency (Fig. 2.3E). These results show that, AHCYL1 deficiency selectively leads to ER 

calcium decrease in HMCB cells expressing mutant NRAS. Moreover, we found that in HMCB 

cells with stable IP3R knockdown, AHCYL1 deficiency by siRNA no longer affects the endpoint 

cell number (Fig. 2.3F). The knockdown efficiency of AHCYL1 (Fig. 2.3G) and IP3R (Fig. 2.3H) 

mRNA and protein (Fig. 2.3I) are confirmed. This demonstrates that the cell growth attenuation 

caused by AHCYL1 deficiency is through the IP3R. 

Taken together, our results reveal that AHCYL1 deficiency selectively causes a decrease 

in ER calcium levels in NRAS-mutated human melanoma cells. 
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AHCYL1 deficiency in NRAS mutant-expressing melanoma cells activates the UPR and 

triggers subsequent cell apoptosis. 

Since ER calcium homeostasis is critical for calcium-dependent chaperons function as well as for 

protein folding, we investigated whether the observed ER calcium decrease from AHCYL1 

deficiency (Fig. 2.3) causes ER stress (Hetz, Zhang, and Kaufman 2020). Cells sense and 

respond to ER stress by activating the UPR (Sehgal et al. 2017; Preissler et al. 2020; Ibarra et al. 

2022; Krebs, Agellon, and Michalak 2015; Luo and Lee 2013; Bahar, Kim, and Yoon 2016), so 

we examined all three branches of the UPR after AHCYL1 deficiency in both HMCB and A375 

cells, including ATF6 cleavage (Fig. 2.4A, 2.4B), ATF4 expression (Fig. 2.4C, 2.4D), and XBP1 

splicing (Fig. 2.4E). All three branches of the UPR are selectively upregulated after AHCYL1 

deficiency mediated by sgRNA (Fig. 2.4A, 2.4D) and by shRNA (Fig. 2.4B, 2.4C and 2.4E) in 

HMCB cells (NRAS Q61K) but not in A375 cells (BRAF V600E). This demonstrates the presence 

of the ER stress. We further confirmed the critical role of the UPR by knocking down ATF4, 

ATF6, or XBP1. Results show that, knocking down ATF4, ATF6, or XBP1 by siRNA abolishes 

the AHCYL1 dependency on HMCB cell proliferation (Fig. 2.4F-2.4K), indicating that the 

requirement of AHCYL1 is dependent on the UPR. These data together demonstrate that, 

AHCYL1 knockdown causes ER stress and activates the UPR.  

Sustained UPR activation can trigger cell apoptosis (Sano and Reed 2013). Indeed, we 

found that CHOP (DDIT3), the transcription factor that plays an important role in UPR-induced 

apoptosis (Sano and Reed 2013), is significantly upregulated after AHCYL1 knockout in HMCB 

cells (Fig. 2.5A, 2.5B, S2.6A, S2.6B). This is consistent with Annexin V and PI cell apoptosis 

analysis (Fig. 2.5C-2.5E, S2.6C) which shows that the level of apoptosis significantly increases 
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after AHCYL1 deficiency in HMCB cells expressing mutant NRAS. The activation of apoptosis 

in HMCB cells is also confirmed by the increase of cytochrome C in the cytosol and decrease in 

the mitochondria after AHCYL1 knockdown (Fig. S2.6D). 

Next, we asked whether apoptosis can be alleviated by reducing the ER stress. To this 

end, we used ISRIB, a potent integrated stress response (ISR) inhibitor that reverses the effect 

from eIF2a phosphorylation (Zyryanova et al. 2018; Sidrauski et al. 2015, 2013; Costa-Mattioli 

and Walter 2020), and found that both the cell apoptosis level (Fig. 2.5F-2.5H) and the endpoint 

cell number (Fig. 2.5I) are significantly alleviated in HMCB cells (NRAS Q61K) with AHCYL1 

deficiency. We further validated these findings using two other chemical chaperons, 

Tauroursodeoxycholic acid (TUDCA) (Grandjean and Wiseman 2020) and 4-Phenylbutyric acid 

(4-PBA) (Zeng et al. 2017; Grandjean and Wiseman 2020), both of which have been previously 

reported to reduce the ER stress. We show that both TUDCA (Fig. 2.5J) and 4-PBA (Fig. 2.5K) 

chaperons significantly relieve the endpoint cell number in AHCYL1-deficient HMCB cells. 

These results demonstrate that apoptosis caused by AHCYL1 deficiency is from the ER stress.  

Furthermore, we validated our key findings in three more human NRAS mutation 

harboring melanoma cell lines, VMM39 (NRAS Q61K, Q61R), Hs 936.T (NRAS Q61K), and SK-

MEL-147 (NRAS Q61K). Results show that, shRNA mediated AHCYL1 knockdown results in 

reduced cell proliferation and ER calcium levels with elevated ATF4 and CHOP protein levels 

(Fig. S2.7).   

Collectively, these results demonstrate that, AHCYL1 deficiency causes ER stress that 

activates the UPR and triggers downstream apoptosis. 
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AHCYL1 deficiency causes cell growth attenuation, ER calcium decrease, and apoptosis in 

NRAS-Q61K overexpressed Mel-ST cells. 

To further confirm, we overexpressed NRAS Q61K in human immortalized melanocytes Mel-ST 

(Fig. 2.1C), and checked cell proliferation, ER calcium, and cell death before and after siRNA 

mediated AHCYL1 knockdown (Fig. S2.8). Results show that, AHCYL1 deficiency reduces cell 

proliferation (Fig. S2.8A, S2.8B), ER calcium level (Fig. S2.8C), while increases cell death and 

DDIT3 (CHOP) levels (Fig. S2.8D-F), in NRAS Q61K overexpressed Mel-ST cells, but not in 

Mel-ST cells with control vector overexpression. This indicates that AHCYL1 selective 

requirement for cell proliferation, ER calcium level, and cell death is NRAS mutation dependent. 

 

RNA-Seq analysis shows downregulation of gene sets related to cell proliferation in NRAS-

mutated human melanoma cells HMCB after AHCYL1 knockdown. 

We next performed RNA-Seq analysis on HMCB human melanoma cells expressing mutated 

NRAS, before and after siRNA-mediated AHCYL1 knockdown. Principal component analysis 

(PCA) shows that AHCYL1 knockdown samples separated from control samples (Fig. 2.6A). 

Volcano plot analysis summarizes genes that are downregulated or upregulated after AHCYL1 

knockdown (Fig. 2.6B) with confirmed AHCYL1 knockdown efficiency (Fig. 2.6C). To gain 

further insight, we performed gene set enrichment analysis (GSEA) on hallmark gene sets and 

summarized the gene sets that are significantly downregulated in AHCYL1 knockdown samples 

(Fig. 2.6D). Data reveals that AHCYL1 knockdown downregulates gene sets related to cell 

proliferation, and detailed GSEA plots are presented, including Hallmark_MYC_Targets_V1, 

Hallmark_MYC_Targets_V2, Hallmark_MTORC1_Signaling (Fig. 2.6E-2.6G). There were no 

significantly upregulated gene sets. To validate our RNA-Seq results, we performed RT-qPCR 
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and tested representative genes that have been reported to be critical for cell proliferation and 

survival regulation in HMCB cells in the Hallmark_MYC_Targets_V1 (Fig. S2.9A), 

Hallmark_MYC_Targets_V2 (Fig. S2.9B), and Hallmark_MTORC1_Signaling gene sets (Fig. 

S2.9C). We have also tested these genes in A375 cells (Fig. S2.9D-S2.9F). Our results show that 

knockdown of AHCYL1 downregulates gene sets related to cell proliferation in NRAS-mutated 

human melanoma cells HMCB. 

 

AHCYL1 transcription in NRAS-mutated melanoma cells is regulated by transcription 

factor ATF2.  

Next, we sought to explore the selective AHCYL1 upregulation in NRAS-mutated human 

melanoma (Fig. 2.1). To answer this question, we investigated AHCYL1 transcription factors 

(TFs). We used an online tool (gene-regulation.com) that screens for TFs based on their reported 

binding response elements that can match AHCYL1 promoter region sequence (Supplemental 

Table 1). From core and matrix match score, CREB and CRE-BP1 (ATF2) were identified and 

further validated. We found that treatment with a small molecule CREB inhibitor, 666-15 (Xie et 

al. 2015), resulted in dose-dependent increase in AHCYL1 mRNA levels in HMCB cells but not 

in A375 cells (Fig. S2.10A, S2.10B), indicating CREB doesn’t positively regulate AHCYL1 

transcription. Moreover, we checked CREB phosphorylation and found that CREB is more 

phosphorylated in A375 than HMCB cells (Fig. S2.10C), indicating higher CREB activity in 

A375 cells, which also implies that AHCYL1 is not positively regulated by CREB. Thus, these 

results together suggest that CREB is not a positive regulator of AHCYL1 transcription.  

Next, we examined activating transcription factor 2 (ATF2), and found that based 

on TCGA analysis, ATF2 mRNA level is significantly higher in NRAS-mutant expressing 
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human melanoma comparing to WT expressing human melanoma (Fig. 2.7A). In addition, both 

the ATF2 mRNA level (Fig. 2.7B) and protein level (Fig. 2.7C) are significantly upregulated in 

NRAS-mutated HMCB cells than in BRAF-mutated A375 cells, which is consistent with 

AHCYL1 selective upregulation (Fig. 2.1). To further validate, we found that exogenous over 

expression of NRAS Q61K, but not BRAF V600E, increases ATF2 mRNA levels in immortalized 

skin melanocytes Mel-ST (Fig. 2.7D), suggesting NRAS mutant dependent ATF2 transcription. 

Then, to check whether ATF2 regulates AHCYL1 transcription, we knocked out ATF2 by 

CRISPR-Cas9 in both HMCB and A375 cells and found that only in HMCB cells (NRAS Q61K), 

ATF2 deficiency downregulates AHCYL1 transcription (Fig. 2.7E, 2.7F), indicating AHCYL1 is 

selectively regulated by ATF2 in HMCB cells. Whereas in both A375 and HMCB, ATF2 

deficiency causes cell growth attenuation (Fig. 2.7E, 2.7F), consistent with previous report that 

ATF2 is required for mouse skin tumor growth and progression (Papassava et al. 2004). 

Together, we show that ATF2 selectively positively regulates AHCYL1 transcription in NRAS 

mutant expressing human melanoma cells (Fig. 2.7G). We also found there is positive correlation 

between ATF2 and AHCYL1 mRNA levels in both NRAS or BRAF mutation harboring human 

cutaneous melanoma patients based on TCGA analysis, while ATF2 and AHCYL1 levels are in 

general lower in BRAF mutant expressing patients (Fig. S2.11). Since we showed that ATF2 

only regulates AHCYL1 mRNA in HMCB cells expressing mutant NRAS (Fig. 2.7), these 

observations suggest that ATF2 might also be commonly crucial for cell proliferation of BRAF 

mutant-expressing melanoma cells, which, however, is mediated through different mechanisms 

other than the regulation of AHCYL1. 

We next sought to explore the upstream of ATF2 and the mechanism of the selective 

ATF2 upregulation in HMCB cells. Previous studies have shown that ATF2 can be activated by 
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stress kinases JNK and p38 (Lopez-Bergami, Lau, and Ronai 2010; Fritz et al. 2021; Lau 

and Ronai 2012; Wan et al. 2020), and that ATF2 is a reported downstream target of 

MAPK14 (Wan et al. 2020; Fritz et al. 2021) (p38a). To explore this, we knocked down 

MAPK14 in HMCB and A375 cells and found that AHCYL1 transcription significantly 

decreases in HMCB cells, while no significant changes of AHCYL1 levels were observed 

in A375 cells (Fig. S2.12A, S2.12B). Knockdown of MAPK14 affects cell proliferation in 

both HMCB and A375 cells (Fig. S2.12C, S2.12D). These results together suggest that 

AHCYL1 transcription is selectively regulated by MAPK14 in HMCB cells. 

These data together suggest that ATF2 and MAPK14 contribute to AHCYL1 

transcription in NRAS mutant expressing human melanoma cells, but not in human 

melanoma cells expressing BRAF V600E.  
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Figure 2.1 

AHCYL1 is selectively highly expressed in NRAS-mutant but not BRAF-mutant expressing 

human melanoma. A, TCGA database analysis of AHCYL1 mRNA levels in human skin 

cutaneous melanoma samples expressing mutated NRAS, mutated BRAF, or WT. Highlighted 

lines indicate data set median. B, AHCYL1 relative mRNA expression in human melanoma cell 

lines expressing mutated NRAS or mutated BRAF by RT-qPCR. C, AHCYL1 protein expression 

in human melanoma cell lines expressing mutated NRAS or mutated BRAF by immunoblotting. 

D, AHCYL1 protein expression by immunoblotting (left) and relative AHCYL1 mRNA 

expression by RT-qPCR (right) in human immortal melanocytes Mel-ST, exogenously  
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expressed with mutated NRAS, mutated BRAF, WT, or empty vector. Error bars indicate means 

±	SD (n ≥ 3). P values were calculated using two-tailed, unpaired Student t test (ns, not 

significant;  *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001). All the data in this figure is generated by 

Dr. Rong Wu. 
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Figure 2.2 

AHCYL1 is selectively critical for cell proliferation and tumor growth of NRAS-mutated human 

melanoma, but not for human melanoma expressing mutant BRAF. Cell proliferation  
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of human melanoma cells expressing (A) NRAS mutation or (B) BRAF mutation after siRNA 

mediated AHCYL1 knockdown. C, AHCYL1 protein expression after knockdown checked by 

immunoblotting. Cell proliferation of human melanoma cells expressing (D) mutant NRAS or (E) 

mutant BRAF after shRNA mediated AHCYL1 knockdown. F, AHCYL1 protein expression after 

knockdown checked by immunoblotting. Tumor volume and tumor weight of nude mice 

xenograft-implanted with human melanoma cells expressing mutated NRAS (G) or mutated 

BRAF (H) after shRNA-mediated AHCYL1 knockdown. Cell proliferation of human melanoma 

cells harboring (I) NRAS mutation or (J) BRAF mutation after CRISPR-Cas9-mediated AHCYL1 

knockout. NTC, nontargeting control. K, AHCYL1 protein expression after knockout checked by 

immunoblotting. L, Cell proliferation of AHCYL1 knocked out NRAS-mutated human melanoma 

cells after putting back WT AHCYL1 or control vector. “KO” is the single-cell clone developed 

from HMCB sgAHCYL1 #1 (I), “rescue” is putting back CRISPR-Cas9-resistant WT AHCYL1 

into “KO” cells (Supplementary Fig. S1G). M, AHCYL1 protein expression checked by 

immunoblotting. Error bars indicate means ±	SD (n ≥ 3). P values were calculated using two-

tailed, unpaired Student t test (ns, not significant;  *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001). 

Data A-E was generated by Dr. Jiayi Tu; Date C-H was generated by Dr. Rong Wu. 
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Figure 2.3 

AHCYL1 deficiency causes a decrease in ER calcium. A, IP3R and AHCYL1 protein level in 

isolated ER or in post mitochondria fraction (PMF) of HMCB cells before and after shRNA 

mediated IP3R knockdown. PMF is the cytosol after removing the nucleus, the ER, and the 

mitochondria. B, AHCYL1 protein localization in human melanoma cells expressing mutant 

NRAS or mutant BRAF by immunoblotting. C, Mean fluorescence intensity (MFI) of ER calcium 

sensor in human melanoma cells expressing mutant NRAS or mutant BRAF  
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after shRNA mediated AHCYL1 knockdown. D, Representative images of ER calcium sensor, 

scale bar is 10 𝑢m. E, MFI of ER calcium sensor relative to the nucleus in AHCYL1-ablated 

NRAS-mutated HMCB human melanoma cells after putting back WT AHCYL1 expression 

vector or control vector. F, Endpoint cell number of ITPR3-ablated NRAS-mutated HMCB 

human melanoma cells after siRNA-mediated AHCYL1 knockdown. Relative (G) AHCYL1 and 

(H) ITPR3 mRNA expression were checked by RT-qPCR. I, AHCYL1 and IP3R protein 

expression was checked by immunoblotting. Error bars indicate means ±	SD (n ≥ 3). P values 

were calculated using two-tailed, unpaired Student t test (ns, not significant; *, P ≤ 0.05; **, P ≤ 

0.01; ***, P ≤ 0.001). Data B is generated by Dr. Rong Wu. 
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Figure 2.4 

AHCYL1 deficiency activates the unfolded protein response (UPR). ATF6 protein cleavage in 

human melanoma cells expressing mutant NRAS or mutant BRAF after (A) CRISPR-Cas9–

mediated AHCYL1 knockout or (B) shRNA-mediated AHCYL1 knockdown by immunoblotting. 

ATF4 protein expression in human melanoma cells expressing mutant NRAS or mutant BRAF 

after (C) shRNA-mediated AHCYL1 knockdown (two minutes exposure time for ATF4) or (D) 

CRISPR-Cas9–mediated AHCYL1 knockout (two minutes exposure time for ATF4) by 

immunoblotting. E, XBP1 splicing assay for human melanoma cells expressing mutant NRAS or 

mutant BRAF after shRNA mediated AHCYL1 knockdown by gel electrophoresis. Endpoint cell 

number of HMCB cells with or without (F) ATF4 and ATF6, or (G) XBP1  
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knockdown before and after AHCYL1 knockout; knockdown efficiency of (H) ATF4, (I) ATF6, 

(J) AHCYL1, and (K) XBP1. Error bars indicate means ±	SD (n ≥ 3). P values were calculated 

using two-tailed, unpaired Student t test (ns, not significant; *, P ≤ 0.05; **,P ≤ 0.01; ***, P ≤ 

0.001). Data G and K were generated by Dr. Jiayi Tu. 
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Figure 2.5 

AHCYL1 deficiency triggers apoptosis resulting from the UPR activation. Relative (A) DDIT3 

(CHOP) and (B) AHCYL1 mRNA expression after CRISPR-Cas9-mediated AHCYL1 knockout 

in HMCB and A375 human melanoma cells. C, Percentage apoptotic cells after AHCYL1 

knockout in HMCB and A375 cells by Annexin V and PI staining. Representative cell apoptosis 

flow cytometry images by Annexin V and PI staining in human melanoma cells expressing (D) 

NRAS mutant or (E) BRAF mutant after AHCYL1 knockout. Representative cell  
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apoptosis flow cytometry images in HMCB cells treated with 200 nmol/L ISRIB (F) in control 

cells or (G) after AHCYL1 knockout; (H) Summary of percentage apoptotic cells. Endpoint cell 

number of AHCYL1-ablated or control NRAS-mutated HMCB human melanoma cells treated 

with (I) 200 nmol/L ISRIB, (J) 0.8 mmol/L TUDCA, or (K) 0.3 mmol/L 4PBA. Error bars 

indicate means ±	SD (n ≥ 3). P values were calculated using two-tailed, unpaired Student t test 

(ns, not significant;  *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001). 



61 
 

 

Figure 2.6 

RNA-seq analysis shows downregulation of gene sets related to cell proliferation in NRAS-

mutated human melanoma cells HMCB after AHCYL1 knockdown. A, Principal component 

analysis (PCA) of RNA-seq samples from NRAS-mutated human melanoma cells after siRNA-

mediated AHCYL1 knockdown. B, RNA-seq volcano plot summary, fold change  



62 
 

(continued) 

indicates gene expression of AHCYL1 knockdown samples subtracted by gene expression of 

control samples. C, Relative AHCYL1 mRNA levels after siRNA-mediated AHCYL1 knockdown 

from RNA-seq analysis. D, Downregulated hallmark gene sets by gene set enrichment analysis 

(GSEA). GSEA of hallmark gene set (E) MYC targets V1, (F) MYC targets V2, and (G) 

MTORC1 signaling after siRNA-mediated AHCYL1 knockdown in NRAS-mutated human 

melanoma cells. NES, normalized enrichment score. Error bars indicate means ± SD (n ≥ 3). P 

values were calculated using two-tailed, unpaired Student t test (ns, not significant;  *,P ≤ 0.05; 

**, P ≤ 0.01; ***, P ≤ 0.001). Samples sent for RNA-seq analysis was generated by Dr. Rong 

Wu. 
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Figure 2.7 

AHCYL1 transcription 

in NRAS-mutated 

melanoma cells is 

regulated by the 

transcription factor 

ATF2. A, TCGA 

database analysis of 

ATF2 mRNA levels in 

human skin cutaneous 

melanoma samples 

expressing NRAS 

mutant, BRAF mutant, 

or WT. Highlighted 

lines indicate data set 

median. B, ATF2 

relative mRNA 

expression in human 

melanoma cell lines 

expressing mutated 

NRAS or mutated 

BRAF by RT-qPCR. C, 

ATF2 protein expression in human melanoma cell lines expressing mutated NRAS  
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or mutated BRAF by immunoblotting. D, Relative ATF2 mRNA levels in human immortal 

melanocytes Mel-ST, exogenously expressed with mutated NRAS,   mutated BRAF, or vector by 

RT-qPCR. E, Relative AHCYL1 (left) and ATF2 (middle) mRNA levels after ATF2 knockout by 

RT-qPCR. Cell proliferation (right) of human melanoma cells expressing NRAS mutant. F, 

Relative AHCYL1 (left) and ATF2 (middle) mRNA levels after ATF2 knockout by RT-qPCR. 

Cell proliferation (right) of human melanoma cells expressing BRAF mutant. G, Proposed 

working model (created with BioRender.com). Error bars indicate means ± SD  (n ≥ 3). P values  

were calculated using two-tailed, unpaired Student t test (ns, not significant; *, P ≤ 0.05; **, P ≤ 

0.01; ***, P ≤ 0.001). 
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Figure S2.1 

AHCYL1 is selectively critical for NRAS-mutated but not for BRAF-mutated human melanoma 

cells. A, Screening strategy: supervised analysis of viability data obtained from loss-of-function 

RNAi screens to identify candidate genes that are metabolism-related, which, when knocked 

down by shRNAs, distinguish human melanoma cells expressing mutant NRAS cells from BRAF 

V600E human melanoma cells and cells expressing wild-type BRAF and NRAS. Cell 

proliferation of human melanoma cells expressing (B) NRAS mutation or (C) BRAF mutation 

after siRNA mediated AHCYL1 knockdown. D, AHCYL1 protein expression after knockdown 

checked by immunoblotting. E, Cell proliferation of human melanoma cells  
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SK-MEL-2 expressing mutant NRAS after siRNA mediated AHCYL1 knockdown (left); 

AHCYL1 protein levels after AHCYL1 knockdown checked by immunoblotting (right). F, Cell 

proliferation of single cell clones from AHCYL1 knockout NRAS-mutated human melanoma 

cells, and single cell clones were obtained from AHCYL1 knockout cells sgAHCYL1 #1 (Fig. 

2I) (left); AHCYL1 protein expression of single cell clones by immunoblotting (right). G, Tumor 

growth potential in nude mice xenograft-implanted with human melanoma cells expressing 

mutated NRAS before and after AHCYL1 knockout and after putting back WT AHCYL1, called 

“Rescue”. Cells were from AHCYL1 knockout single cell clone 1 (Fig. S1F) (left); AHCYL1 

protein expression checked by immunoblotting (middle left); Representative Ki-67 levels 

checked by flow cytometry (middle right); Summary of Ki-67 levels (right). H, Tumor growth 

potential in nude mice xenograft-implanted with human melanoma cells expressing mutated 

BRAF before and after AHCYL1 knockout. Cells were from AHCYL1 knockout single cell clone 

(left); AHCYL1 protein expression checked by immunoblotting (middle left); Representative Ki-

67 levels checked by flow cytometry (middle right); Summary of Ki-67 levels (right). Error bars 

indicate means ± SD (n ³ 3). p-values were calculated using two-tailed, unpaired Student’s t-test 

(ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 0.001). Data B-D was generated by Dr. 

Rong Wu. 
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Figure S2.2 

AHCYL1 knockout selectively causes cell cycle arrest in NRAS-mutant expressing human 

melanoma cells. Percentage of cells in G0/G1, S, or G2 phases of the cell cycle before and after 

AHCYL1 knockout, in A, HMCB cells (NRAS mutation) and B, A375 cells (BRAF mutation). 

Error bars indicate means ± SD (n ³ 3). p-values were calculated using two-tailed, unpaired 

Student’s t-test (ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 0.001). 
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Figure S2.3 

AHCYL2 does not overexpress and is not critical in human NRAS-mutated melanoma as 

AHCYL1. A, TCGA database analysis of AHCYL2 mRNA levels in human skin cutaneous 

melanoma samples expressing mutated NRAS, mutated BRAF, or WT. Highlighted lines indicate 

dataset median. Relative AHCYL1 and AHCYL2 mRNA expression in human melanoma cells 

expressing (B) mutated NRAS or (C) mutated BRAF. D, Cell proliferation of human melanoma 

cells expressing NRAS mutant after shRNA-mediated AHCYL2 knockdown (left); AHCYL2 

knockdown efficiency by RT-qPCR (right). Error bars indicate means ± SD (n ³ 3).  
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p-values were calculated using two-tailed, unpaired Student’s t-test (ns, not significant; *, p £ 

0.05; **, p £ 0.01; ***, p £ 0.001). 
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Figure S2.4 

AHCYL1 is selectively critical for KRAS-mutated but not for BRAF-mutated human colorectal 

cancer cells. Cell proliferation of human colon cancer cells expressing (A) mutant KRAS or (B) 

mutant BRAF after shRNA mediated AHCYL1 knockdown. C, AHCYL1 protein expression after 

knockdown checked by immunoblotting. Cell proliferation of human colon cancer cells 

expressing (D) KRAS mutation or (E) BRAF mutation after siRNA mediated AHCYL1 

knockdown. F, AHCYL1 protein expression after knockdown checked by immunoblotting. 

TCGA database analysis of AHCYL1 (G) mRNA levels in human colorectal adenocarcinoma 

samples expressing mutated NRAS, mutated BRAF, or WT. Highlighted lines  
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indicate dataset median. Error bars indicate means ± SD (n ³ 3). p-values were calculated using 

two-tailed, unpaired Student’s t-test (ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 

0.001). All the data in this figure was generated by Dr. Rong Wu. 

 

 

 

 

Figure S2.5 

IP3R deficiency doesn’t change AHCYL1 protein level in the whole cell lysates. A, IP3R and 

AHCYL1 protein level in isolated ER or in post mitochondria fraction (PMF) of A375 cells 

before and after shRNA mediated IP3R knockdown. PMF is the cytosol after removing the 

nucleus, the ER, and the mitochondria. B, AHCYL1 protein levels before and after shRNA 

mediated IP3R knockdown in human melanoma cells expressing mutant NRAS (HMCB) or 

mutant BRAF (A375) by immunoblotting. 
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Figure S2.6 

AHCYL1 deficiency triggers apoptosis resulted from the UPR activation. A, AHCYL1, ATF4, 

and CHOP protein expression after CRISPR-Cas9 mediated AHCYL1 knockout in HMCB cells. 

B, CHOP protein expression after CRISPR-Cas9 mediated AHCYL1 knockout in A375 cells, 

“pos con” is positive control. C, Percentage apoptotic cells after shRNA mediated AHCYL1 

knockdown by Annexin V and PI staining in both HMCB and A375 cells. D, Cytochrome C 

level in PMF or in isolated mitochondria in HMCB cells before and after shRNA mediated 

AHCYL1 knockdown. Error bars indicate means ± SD (n ³ 3). p-values were calculated using 

two-tailed, unpaired Student’s t-test (ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 

0.001). 
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Figure S2.7 

AHCYL1 deficiency attenuates cell proliferation, decreases ER calcium levels, and activates the 

UPR. A, Cell proliferation of human melanoma cells VMM39 expressing mutant NRAS after 

shRNA mediated AHCYL1 knockdown (left); AHCYL1, ATF4, CHOP protein expression after 

AHCYL1 knockdown checked by immunoblotting (middle); MFI of ER calcium  
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sensor after shRNA mediated AHCYL1 knockdown (right). B, Cell proliferation of human 

melanoma cells Hs 936.T expressing mutant NRAS after shRNA mediated AHCYL1 knockdown 

(left); AHCYL1, ATF4, CHOP protein expression after AHCYL1 knockdown checked by 

immunoblotting (middle); MFI of ER calcium sensor after shRNA mediated AHCYL1 

knockdown (right). C, Cell proliferation of human melanoma cells SK-MEL-147 expressing 

mutant NRAS after shRNA mediated AHCYL1 knockdown (left); AHCYL1, ATF4, CHOP 

protein expression after AHCYL1 knockdown checked by immunoblotting (middle); MFI of ER 

calcium sensor after shRNA mediated AHCYL1 knockdown (right). p-values were calculated 

using two-tailed, unpaired Student’s t-test (ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 

0.001). All the calcium measurement in this figure was performed by Dr. Jiayi Tu. 

 



75 
 

 

Figure S2.8 

AHCYL1 deficiency causes cell growth attenuation, ER calcium decrease, and apoptosis in 

NRAS-Q61K overexpressed Mel-ST cells. Cell proliferation of NRAS Q61K overexpressed-

human Mel-ST cells before and after AHCYL1 knockdown by siRNA, cell number checked at 

(A) day 4 and (B) day 5; overexpression of control vector serves as control. MFI of ER calcium 

(C) and cell death (D) in NRAS Q61K overexpressed-human Mel-ST cells before and after 

AHCYL1 knockdown by siRNA. Relative DDIT3 (CHOP) and AHCYL1 mRNA level before and 

after siRNA mediated AHCYL1 knockdown in NRAS Q61K (E) or control vector (F) 

overexpressed-human Mel-ST cells. Error bars indicate means ± SD (n ³ 3). p-values  
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were calculated using two-tailed, unpaired Student’s t-test (ns, not significant; *, p £ 0.05; **, p 

£ 0.01; ***, p £ 0.001). Data C and D were generated by Dr. Jiayi Tu. 
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Figure S2.9 

RT-qPCR validates key up/downregulated target genes from gene sets related to cell 

proliferation from RNA-seq. A, Relative mRNA levels of key up/downregulated  
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genes from Hallmark_MYC_Targets_V1 gene set after siRNA mediated AHCYL1 knockdown 

by RT-qPCR in HMCB cells. B, Relative mRNA levels of key up/downregulated genes from 

Hallmark_MYC_Targets_V2 gene set after siRNA mediated AHCYL1 knockdown by RT-qPCR 

in HMCB cells. C, Relative mRNA levels of key up/downregulated genes from 

Hallmark_MTORC1_Signaling gene set after siRNA mediated AHCYL1 knockdown by RT-

qPCR in HMCB cells. D, Relative mRNA levels of key up/downregulated genes from 

Hallmark_MYC_Targets_V1 gene set after siRNA mediated AHCYL1 knockdown by RT-qPCR 

in A375 cells. E, Relative mRNA levels of key up/downregulated genes from 

Hallmark_MYC_Targets_V2 gene set after siRNA mediated AHCYL1 knockdown by RT-qPCR 

in A375 cells. F, Relative mRNA levels of key up/downregulated genes from 

Hallmark_MTORC1_Signaling gene set after siRNA mediated AHCYL1 knockdown by RT-

qPCR in A375 cells. Error bars indicate means ± SD (n ³ 3). p-values were calculated using two-

tailed, unpaired Student’s t-test (ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 0.001). All 

the data in this figure was generated by Dr. Jiayi Tu. 
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Figure S2.10 

CREB doesn’t positively regulate AHCYL1 transcription. Relative AHCYL1 mRNA levels after 

treated with dose-increasing concentrations of CREB inhibitor 666-15 in (A) NRAS-mutated and 

(B) BRAF-mutated human melanoma cells. C, CREB and p-CREB protein expression in NRAS 

or BRAF mutant expression human melanoma cells checked by immunoblotting. Error bars 

indicate means ± SD (n ³ 3). p-values were calculated using two-tailed, unpaired Student’s t-test 

(ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 0.001). 
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Figure S2.11 

There is positive correlation between ATF2 and AHCYL1 mRNA levels in human cutaneous 

melanoma patients by TCGA analysis. A, ATF2 and AHCYL1 mRNA levels in human skin 

cutaneous melanoma patients regardless of mutation types. B, ATF2 and AHCYL1 mRNA levels 

in BRAF mutation harboring human skin cutaneous melanoma patients. C, ATF2 and AHCYL1 

mRNA levels in NRAS mutation harboring human skin cutaneous melanoma patients. 
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Figure S2.12 

AHCYL1 transcription in NRAS-mutated melanoma cells is related to MAPK14. Relative (A) 

MAPK14 and (B) AHCYL1 mRNA expression before and after shRNA mediated MAPK14 

knockdown in HMCB and A375 human melanoma cells. Cell proliferation of human melanoma 

cells expressing (C) mutant NRAS or (D) mutant BRAF after shRNA mediated MAPK14 

knockdown. Error bars indicate means ± SD (n ³ 3). p-values were calculated using two-tailed, 

unpaired Student’s t-test (ns, not significant; *, p £ 0.05; **, p £ 0.01; ***, p £ 0.001). 
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Matrix identifier 
Position 

(strand) 

Core 

matc

h 

Matri

x 

match 

Sequence (always the 

(+) strand is shown) 
Factor name  

V$OCT1_Q6 75 (+) 0.893 0.891 gaccatGAAAAtcca 1-Oct 

V$ELK1_02 372 (+) 1.000 0.98 aggacCGGAAggcc Elk-1 

V$AP1_Q2 535 (-) 1.000 0.991 tctgAGTCAgt AP-1 

V$AP1_Q4 535 (-) 1.000 0.981 tctgAGTCAgt AP-1 

V$HNF4_01 693 (-) 1.000 0.936 ctctggtCTTTGctcccaa HNF-4 

V$CREBP1_Q2 909 (+) 1.000 0.986 ggTGACGtcacg CRE-BP1 

V$CREBP1_Q2 909 (-) 1.000 0.983 ggtgaCGTCAcg CRE-BP1 

V$CREB_01 911 (+) 1.000 1.000 TGACGtca CREB 

V$CREB_01 911 (-) 1.000 1.000 tgaCGTCA CREB 

V$CREBP1CJUN_

01 
911 (+) 1.000 1.000 tGACGTca 

CRE-BP1/c-

Jun 

V$CREBP1CJUN_

01 
911 (-) 1.000 1.000 tgACGTCa 

CRE-BP1/c-

Jun 

V$HNF4_01 924 (-) 0.883 0.900 gagtgccCTTTCtccccgc HNF-4 

 

Supplemental Table 2.1 

Transcription factor scan. Transcription factors candidates for AHCYL1 transcription were 

generated based on reported binding response elements that can match AHCYL1 promoter region 

sequence. 
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2.4 Discussion 

Our study for the first time demonstrates the critical role of AHCYL1 in regulating ER calcium 

homeostasis in human melanoma and highlights the therapeutic potential of targeting AHCYL1 

in NRAS-mutated melanoma. This is of clinical significance given the lack of effective 

treatments specific to NRAS mutations and the ever-present challenges of targeting mutated 

NRAS itself (Moore et al. 2020). Our study reinforces the strategy of targeting synthetic lethal 

partners in addition to targeting hard-to-target oncogenes directly, which can be worth for 

therapeutic exploration (Ryan et al. 2023; Huang et al. 2020). Additionally, we also showed that 

the critical role of AHCYL1 may apply to broader RAS mutation harboring cancers, such as 

KRAS-mutated human colorectal cancer (Fig. S2.4). Thus, AHCYL1 can be a promising target 

for RAS mutated human cancers. 

Conceptually, our finding highlights the critical role of ER calcium homeostasis for 

cancer cell proliferation and survival (Sehgal et al. 2017; Preissler et al. 2020; Ibarra et al. 2022; 

Krebs, Agellon, and Michalak 2015; Luo and Lee 2013; Bahar, Kim, and Yoon 2016), and that 

the sustained UPR can trigger cell apoptosis (Sano and Reed 2013). Moreover, we not only 

observed changes in ER calcium before and after AHCYL1 deficiency but also there are 

differences in cellular basal ER calcium levels: in NRAS-mutated human melanoma cell HMCB, 

the basal ER calcium is significantly higher than BRAF-mutated melanoma cell A375 (Fig. 

2.3C). This observation raises the question of whether basal ER calcium levels vary across cell 

types and whether such variation is oncogenic background dependent. Particularly, NRAS-

mutated melanoma has been reported to be more sensitive to intracellular calcium alterations 

than BRAF-mutated melanoma (Esteves et al. 2020). Intriguingly, we also noted that HMCB 

cells were larger in size than A375, suggesting greater cell growth and more extensive protein 
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synthesis and folding in NRAS-mutated HMCB cells. Future studies will explore whether 

cell growth and size can be oncogene-dependent and whether they correlate with basal 

ER calcium levels and protein folding requirements. To summarize, NRAS and BRAF 

mutant expressing human melanoma cells respond differently to AHCYL1 deficiency, 

this may be attributed to the following reasons: we have found that AHCYL1 is 

selectively highly expressed in mutant NRAS but not mutant BRAF expressing human 

melanoma (Fig. 2.1), which leads to selectively higher calcium level in the ER (Fig. 

2.3C) as well as basal UPR activation (Fig. 2.4A-2.4E) only in NRAS mutant-expressing 

HMCB cells but not in A375 cells expressing BRAF V600E. In addition, we found that 

there is  more ER AHCYL1 protein in the NRAS-mutated than BRAF-mutated human 

melanoma cells (Fig. 2.3B). Thus,  AHCYL1 deficiency in NRAS-mutated human 

melanoma cells causes calcium leakage from the ER and introduces additional ER stress 

signals, which ultimately causes cell apoptosis (Fig. 2.7G). 

Moreover, our study expands the current understanding of the function and 

regulation of AHCYL1 protein itself. First, our work is consistent with previous 

literatures on the binding and suppression of IP3R by AHCYL1 (Ando et al. 2006, 2003; 

Devogelaere et al. 2006), and we further show that AHCYL1 deficiency disrupts 

downstream ER calcium homeostasis, activates the UPR and triggers apoptosis in cancer 

cells. In addition to the downstream of AHCYL1, our work also reveals that AHCYL1 

upstream transcription is controlled by ATF2 (Fig. 2.7) and may relate to p38α 

(MAPK14) (Fig. S2.12). Consistent with AHCYL1 selective upregulation, we show that 

its transcription factor ATF2 is also selectively upregulated in NRAS-mutated melanoma 

cell HMCB (Fig. 2.7A-2.7C). Previous studies indicate that ATF2 is activated by stress 
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kinases JNK and p38 (Lopez-Bergami, Lau, and Ronai 2010; Fritz et al. 2021; Lau and Ronai 

2012; Wan et al. 2020), and that ATF2 is a reported downstream target of MAPK14 (Wan et al. 

2020; Fritz et al. 2021). Interestingly, JNK and p38 pathways are known to be activated by 

mutated RAS, which may explain why AHCYL1 upregulation is specific to NRAS-mutated 

melanoma but not observed in BRAF-mutated melanoma that belongs to the ERK pathway (Pua 

et al. 2022). In future studies, it would be valuable to investigate the detailed signaling 

regulation, especially phosphorylation status and the protein activities.  

Over the past decade, our research group and others elucidated multiple oncogene-

specific metabolic regulations (Xia et al. 2017; Kang et al. 2015; Gao et al. 2022; Zhao et al. 

2017; Lin et al. 2018; Min and Lee 2018; Tarrado-Castellarnau, de Atauri, and Cascante 2016). 

We have found that the ketogenic enzyme HMG-CoA lyase (HMGCL) is selectively essential in 

melanoma cells expressing BRAF V600E, where its product acetoacetate promotes BRAF V600E-

dependent MEK1 activation (Kang et al. 2015; Xia et al. 2017; Zhao et al. 2017). Moreover, we 

demonstrated that chondroitin-4-sulfate (CHSA), a circulating dietary supplement, exhibits 

intracellular signaling function by enhancing casein kinase II (CKII)-PTEN binding, leading to 

PTEN inhibition and subsequent AKT activation, which are crucial for cancers expressing BRAF 

V600E (Lin et al. 2018). We also reported that Phospholipase A2, group VII (PLA2G7) and 

Lyso-PAF act as key elements of RAS-RAF1 signaling and exhibit intracellular signaling 

functions (Gao et al. 2022). Our study on AHCYL1 further adds to this knowledge and 

demonstrates the concept of oncogene-specific calcium regulations in cancer cells, and sheds 

light on oncogene-mediated metabolic rewiring in cancer cells compare to normal cells, 

providing new insights in development of novel precision medicine for cancer treatment 

(Hanahan 2022).  
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3.1 Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive cancers with a 13% 

five-year survival rate (American Cancer Society 2024), and it is predicted to be the second 

leading cause of cancer-related deaths in the United States by 2030 (Orth et al. 2019). One of the 

prominent features of PDAC is the desmoplastic response, in which the dense stroma can make 

up to 90% of the tumor mass (Helms, Onate, and Sherman 2020). Over the years, efforts have 

been made in targeting the stromal matrix, for example, in mice harboring PDAC, targeting 

hyaluronan improves chemotherapy through more efficient drug delivery (Jacobetz et al. 2013). 

However, a clinical trial targeting hyaluronan has failed in phase III to show any benefits in 

PDAC patients (Hakim et al. 2019). The PDAC stroma has a high abundance of cancer-

associated fibroblasts (CAFs), which primarily produce the stromal milieu. Attempts have been 

made in depleting CAF-derived collagen I, while ultimately promotes PDAC growth and reduces 

survival in mouse models (Chen et al. 2021). In addition, depletion of alpha smooth muscle actin 

(SMA)+ CAFs, which are the source of collagen I, led to increased tumor progression (Özdemir 

et al. 2014). Consistently, PDAC patients with higher amount of SMA+ CAFs in tumors show 

better overall survival, but they also respond poorly to immunotherapies (Özdemir et al. 2014). 

These data suggest that a better understanding of the PDAC stroma is needed to develop 

advanced approaches for therapies that target both the stroma and cancer cells. 

Over the last decade, functionally and transcriptionally heterogeneous CAF populations 

have been identified and gradually appreciated in both mouse and human PDAC (Öhlund et al. 

2017; Elyada et al. 2019; Dominguez et al. 2020; Hosein et al. 2019). Myofibroblastic CAFs 

(myCAFs) feature expression of SMA, are the main producers of extracellular matrix, and are 
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thought to be tumor restraining (McAndrews et al. 2022; Özdemir et al. 2014). Meanwhile, 

inflammatory CAFs (iCAFs) are characterized by low SMA expression and their ability to secret 

inflammatory cytokines and chemokines such as IL-6 and CXCL1, and are thought to be tumor 

promoting (McAndrews et al. 2022; Lo et al. 2017; Schwörer et al. 2023). myCAF and iCAFs 

are the most abundant CAF populations in PDAC, however, another distinct yet smaller CAF 

population has been identified recently, the antigen presenting CAFs (apCAFs). apCAFs express 

MHC II and CD74 but lack classical co-stimulatory molecules; consequently, apCAFs can 

potentially activate CD4+ T cells but cause anergy (Elyada et al. 2019). Based on their distinct 

roles in PDAC, selectively altering the CAF states is thought to have significant clinical benefits. 

Heterogeneity within the CAF population has been suggested to be established in part by 

growth factors and cytokines. For example, TGFβ can induce myCAFs, TNFα, IL-1α and LIF 

can induce the iCAF state, and IFN𝛾 can induce the apCAF state (Biffi et al. 2019; Elyada et al. 

2019). While cytokines and growth factors can drive CAF heterogeneity, iCAF and myCAF 

states are plastic, i.e., they can convert into each other. How this plasticity is regulated is largely 

unknown. We recently identified oxygen availability in the tumor microenvironment (TME) as a 

central regulator of CAF state decisions, indicating that metabolic factors in the TME can 

modulate the CAF state (Schwörer et al. 2023).  

Extracellular ATP (eATP) has been found to accumulate at high micromolar levels in the 

TME (Pellegatti et al. 2008; L.-P. Hu et al. 2019). eATP accumulates in the TME due to cellular 

stress and apoptosis, in addition, hypoxia also induces ATP release without cell injury (Di 

Virgilio et al. 2018), suggesting that eATP might contribute to iCAF accumulation in hypoxic 

PDAC regions. eATP can act as signaling molecule modulating immune functions and one of the 
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most established pathways is mediated by eATP binding to purinergic receptors (Di Virgilio et 

al. 2018). However, the role of eATP in regulating CAF state decisions is poorly understood. 

Here, we report that, from a high-content screen using a human blood nutrient library 

(Fan et al. 2023) in combination with a fibroblast reporter (FIRE) system (Schwörer et al. 2023), 

we identified and validated that eATP blunts TGFβ-induced SMA expression and promotes 

cytokines-induced IL-6 expression in both time- and dose-dependent manner. Pretreatment of 

pancreatic stellate cells (PSCs) with physiological concentrations of eATP is sufficient to alter 

fibroblast states and to promote PDAC tumor growth. Mechanistically, our data suggest that 

eATP acts independently of its canonical purinergic receptor pathways to promote an iCAF state 

in PSCs. The JAK-STAT pathway, one of the major regulators of iCAFs (Biffi et al. 2019), is 

strongly activated upon eATP treatment and mediates its effect in inducing an iCAF state. 

Further, we showed this is serum dependent. These findings support the idea that TME 

metabolites can alter PDAC progression by regulating CAF heterogeneity.  
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3.2 Materials and Methods 

Cell culture: 

Human HEK293T (RRID: CVCL_0063) cells were obtained from the ATCC. PSCs (PSC1s and 

PSC3s) were isolated from 𝑎SMA-DsRed mice (LeBleu et al. 2013) or wildtype mice, 

respectively, by differential centrifugation as described previously (Jesnowski et al. 2005) and 

immortalized by spontaneous outgrowth. IL6-EGFP was introduced into PSC1s by viral 

transduction and PSC1 double (PSC1d) cells were generated featuring the FIRE system 

(Schwörer et al. 2023). KPC59 cells were a generous gift from the Muir Lab (Apiz Saab et al. 

2023). HEK293T cells and PSCs were cultured in Dulbecco Modified Eagle Medium (DMEM; 

Gibco, 11965-092) with 10% fetal bovine serum (FBS; Sigma, F2442) and 1% 

penicillin/streptomycin (P/S; Gibco, 15070-063). KPC59 cells were cultured in RPMI-1640 

(Gibco, 11875-093) with 10% FBS and 1% P/S. All the cells were cultured at 37℃ in 5% CO2 

and 20% O2. For hypoxia experiments, cells were cultured in a hypoxia glove box (Coy) set at 

1% O2, 37°C and 5% CO2 for 48 hours.  

Cells were treated with a combination of 2 ng/ml murine IL-1𝑎 (Peprotech, 211-11A), 

TNF𝑎 (Peprotech, 315-01A), and LIF, as indicated (“cytokines”). Cells were also treated with 2 

ng/ml TGFb, 10 µM MLN120B (IKK𝛽 inhibitor), 2 µM AZD1480 (JAK2 inhibitor), anti-

leukemia inhibitory factor (LIF; 4 mg/mL, AF449, R&D), 100 µM cobalt chloride (CoCl2; 

Sigma, C8661), 390 µM Adenosine 5′-triphosphate disodium salt hydrate (ATP; Sigma, A2383), 

390 µM Adenosine 5′-diphosphate bis (cyclohexylammonium) salt (ADP; Sigma, A4386), 390 

µM Adenosine-5’-monophosphate disodium salt (AMP; Fisher Scientific, AAJ6164306), 390 

µM Adenosine (Cayman, 21232), 390 µM Adenine hydrochloride hydrate (Adenine; Sigma, 

A9795), 390 µM Adenosine 5'-(γ-thio)-triphosphate (lithium salt) (ATP𝛾S; Cayman, 14957), 



91 
 

390 µM UDP-a-D-Glucose (Cayman, 15602), 390 µM UTP sodium salt (Cayman, 9003530), 

390 µM UDP sodium salt hydrate (Cayman, 18137), 10 µM BAPTA AM (Cayman, 15551), 10 

µg/ml LPS (Sigma, L4391), 10 µM MRS2578 (P2Y6 antagonist; Cayman, 19704), 10 µM AR-C 

118925XX (P2Y2 antagonist; Biotechne, 4890), 10 µM AZ10606120 (P2X7 antagonist; Sigma, 

SML3600), 10 µM MRS2179 (P2Y1 antagonist; Cayman, 10011450), 10 µM 5-BDBD (P2X4 

antagonist; Sigma, SML0450), 200 nM 666-15 (CREB inhibitor); 200 nM H89 (PKA inhibitor); 

1	µM NLRPA3 agonist. Cell experiments were conducted and designed according to protocols 

approved by the Institutional Biosafety Committee of the University of Chicago. 

 

Fibroblast reporter (FIRE) system and blood chemical screen on Incucyte:  

We previously developed a novel fibroblast reporter (FIRE) system (Schwörer et al. 2023) to 

rapidly assess the CAF state in response to perturbations. In this FIRE system, the expression 

EGFP or dsRED fluorescent protein is driven by the murine IL6 or SMA promoter regions, 

respectively.  

For the screen, 10k PSC1d cells were seeded in 100 µl of media in 96-well plates, leaving 

top and bottom rows filled with PBS. The next day, media was changed into FluoroBrite DMEM 

(Gibco, A18967-01) supplemented with 1% Pen Strep Glutamine and 10% FBS. Blood nutrient 

library was added as previously reported (Fan et al. 2023) and known CAF inducers were added 

simultaneously. For hypoxia experimental conditions, plates were transferred to a hypoxia 

chamber set at 1% oxygen immediately after adding treatments. Cells were cultured for another 

48 hours, and fluorescence was analyzed on IncuCyte S3 (Essen BioScience) at the UChicago 

Cellular Screening Center. To interpret fluorescence, we calculated the FIRE score combing the 

green and red fluorescence for every compound tested following equation: 



92 
 

𝐹𝐼𝑅𝐸 score = log2(!"#$!	&'()*+",+-,+	.-/+-"./0$123	&'()*+",+-,+	.-/+-"./0
) 

Compound score = FIRE (compound X) – FIRE (DMSO) 

 

Animal study: 

The mouse study was approved by the Institutional Animal Care and Use Committee (IACUC) at 

the University of Chicago.  

PSC1d cells and KPC59 cells were seeded separately, and PSC1d cells were treated with 

390 nM ATP for 24 hours. Next day, cells were harvested and combined in 5:1 ratio in PBS (8.2 

million PSC1d  cells and 1.64 million KPC59 cells in 1 ml PBS for 10 injections) for 

subcutaneous co-injection. Tumor growth was measured starting from 8 days after inoculation by 

measurement of two perpendicular diameters with calipers. Tumor volume was calculated using 

formula 4p/3 ´ (width/2)2 ´ (length/2), and tumors were harvested from euthanized mice and 

weighed at experimental endpoints. Freshly excised mouse tumor tissues were minced into small 

pieces by scissors in cold PBS and transferred and digested in 10 ml digestion buffer (HBSS, 0.8 

ml/ml Dispase II, 0.5 mg/ml Collagenase P, 0.1 mg/ml Liberase TL, 0.1 mg/ml DNAse I, 0.4 

mg/ml Hyaluronidase, and 0.02 mg/ml trypsin inhibitor). The digestion reaction was quenched 

by adding 0.5 mM EDTA pH 8.0. The digested tumor tissues were then filtered into new tube 

through 40 μm nylon mesh strainer and centrifuged at 500 g for 5 minutes at room temperature, 

supernatant was discarded. Then, 5 ml ACK lysis buffer was added, and tumor tissues were 

incubated at room temperature for 3 minutes. Reaction was quenched by FBS-containing media 

and washed 3 times. Next, isolated tumor cells were processed for flow cytometry analysis. 
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Enzyme-linked immunosorbent assay (ELISA): 

PSC1d cells were seeded and treated with 390 µM ATP and cytokines for 6 hours, and condition 

media was obtained by collecting supernatant after centrifugation. IL-6 protein levels in the 

condition media were quantified by Mouse IL-6 ELISA Kit (Abcam, ab 100712). Similarly, 

CXCL1 protein levels were quantified by ELISA MAX™ Deluxe Set Mouse CXCL1 

(BioLegend, 447504), and LIF was quantified by Quantikine ELISA Mouse LIF Immunoassay 

(R&D Systems, MLF00), all following the manufacturer’s instructions. Absorbance in 

experimental wells was converted to absolute cytokine concentration calculated based on  

standard curve, and after calculation any values below zero were set to zero. 

 

Quantification of gene expression:  

Total RNA was purified from cultured cells using TRIzol reagent (Ambion, 15596026), and 1 µg 

of cDNA was synthesized from total isolated RNA using iScript cDNA Synthesis Kit (Bio-Rad, 

1708891) per manufacturer’s instructions. qPCR analysis was performed in biological triplicates 

using 1:50 diluted cDNAs and 0.1 µM forward and reverse primers together using iTaq 

Universal SYBR Green Supermix (Bio-Rad, 1725121) on a QuantStudio 7 Flex (Applied 

Biosystems). Geometric mean of the endogenous control genes mouse Actb and Hmbs were used 

as reference samples. Primer pair sequences are as follow: 

mRplp0: F-AGATTCGGGATATGCTGTTGGC; R-TCGGGTCCTAGACCAGTGTTC. 

mActb: F-CGTGAAAAGATGACCCAGATCA; R-CACAGCCTGGATGGCTACGT. 

mHmbs: F-ATGAGGGTGATTCGAGTGGG; R-TTGTCTCCCGTGGTGGACATA. 

mIL6: F-CTTCCATCCAGTTGCCTTCT; R-CTCCGACTTGTGAAGTGGTATAG. 

mCxcl1: F-GTGTCAACCACTGTGCTAGT; R-CACACATGTCCTCACCCTAATAC. 
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mLif: F-CTGCTCTCCCTCTTTCCTTTC; R-ACATTCCCACAGGGTACATTC. 

mActa2 (𝑎SMA): F-CCATCATGCGTCTGGACTT; R-GGCAGTAGTCACGAAGGAATAG. 

mTgfb1: F-CTTCCCGAATGTCTGACGTA; R-GACCGCAACAACGCCATCT. 

mCol1a1: F-ACTGCAACATGGAGACAGGTCAGA; R-

ATCGGTCATGCTCTCTCCAAACCA. 

mFn1: F-GGCCACACCTACAACCAGTA; R-TCGTCTCTGTCAGCTTGCAC. 

mCcn2: F-TGACCTGGAGGAAAACATTAAGA; R-AGCCCTGTATGTCTTCACACTG. 

hIL6: F-GGAGACTTGCCTGGTGAAA; R-CTGGCTTGTTCCTCACTACTC. 

hCXCL1: F-GGAACAGAAGAGGAAAGAGAGAC; R-TCTCCTAAGCGATGCTCAAAC. 

hLIF: F-ATAGGGAGGGAGCTAGAAGAAG; R-GGCCAAAGGGACAAGTAGAG. 

hHMBS: F-GGCCAAAGGGACAAGTAGAG; R-GGGTACCCACGCGAATCAC. 

hACTB: F-CTGGAACGGTGAAGGTGACA; R-AAGGGACTTCCTGTAACAATGCA. 

 

Flow cytometry: 

PSC1d cells were trypsinized, washed, and stained with eBioscience™ Fixable Viability Dye 

eFluor™ 780 (1:1000; Invitrogen, 65-0865-14) in PBS for 20 mins at 4 degrees in the dark for 

discriminating viable cells. Next, cells were washed with FACS buffer (PBS supplemented with 

3% FBS) and stained in FACS buffer with Brilliant Violet 421™ anti-mouse Ly-6C Antibody 

(1:800; BioLegend, 128031) for 30 mins at 4 degrees in the dark. Samples were washed and 

analyzed on NovoCyte Quanteon (Agilent), and data was analyzed using FlowJo v10.4. 

 For isolated tumor cells, cells were treated with TruStain FcX™ (anti-mouse CD16/32) 

Antibody (BioLegend, 101319), Ghost Dye™ Violet 510 (CYTEK, SKU 13-0870-T500), FITC-

EpCAM (1:100), Brilliant Violet 785™ anti-mouse I-A/I-E Antibody (1:800; BioLegend, 
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107645), PE/Cyanine5 anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody (1:800; BioLegend, 108409), 

Brilliant Violet 711™ anti-mouse CD45 Antibody (1:800; BioLegend, 103147), Brilliant Violet 

421™ anti-mouse Ly-6C Antibody (1:800; BioLegend, 128031), PE/Cyanine7 anti-mouse CD31 

Antibody (1:1000; BioLegend, 102417), APC anti-mouse CD140a Antibody (BioLegend, 

135907), BV605- F4/80 (1:400), AF700-CD11b (1:1000), PerCP/Cy5.5-PDPN (1:800), 

APC/Cy7-CD8 for 30 minutes at 4 degrees. Then, cells were fixed for 30 minutes at room 

temperature followed by permeabilization. Cells were further stained intracellularly by Human 

Alpha-Smooth Muscle Actin PE-conjugated Antibody (1:400; Biotechne, IC1420P), AF488-

panCK (1:100), and analyzed on a Fortessa 4-15 at UChicago cytometry and antibody 

technology core facility, and data was analyzed using FlowJo v10.4. 

 

Serum starvation: 

PSC1d cells were seeded the evening before the experiments and changed into 0.5% FBS the 

next morning. After 6 hours of serum starvation, treatments were added in 0.5% FBS for another 

24 hours. Cells were then collected for subsequent analysis.  

 

Phospho-Kinase Array: 

PSC1d cells were seeded before the experiments, and ATP and cytokines were added for 1 hour, 

followed by protein extraction and array analysis using Proteome Profiler Phospho-Kinase Array 

Kit (R&D Systems, ARY003C) following the manufacturer’s instructions. The quantification for 

pixel density in each spot of the array was carried out by subtracting background signals from the 

spot intensity using software ImageJ (ImageJ, RRID: SCR_003070). 

 

https://scicrunch.org/resolver/SCR_003070/
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Immunoblotting and antibodies: 

For all western blot experiments, protein lysates were prepared using RIPA cell lysis buffer 

(Millipore Sigma, 20-188) supplemented with protease inhibitors (Millipore Sigma, 59813300) 

and incubated on ice for 30 minutes. Protein lysate was quantified using Pierce™ BCA Protein 

Assay Kits (Thermo Fisher Scientific, 23225) and denatured with Laemmli SDS sample buffer 

(Thermo Fisher Scientific, J61337). A total of 20 to 30 µg of protein was loaded into wells of 

homemade SDS-PAGE gel along with molecular weight markers (Thermo Fisher Scientific, 

26616). Gel was run at 110V for 1–2 hours. Resolved proteins were then transferred onto a 

nitrocellulose membrane by wet transfer. After transfer, membrane was blocked in TBST with 

5% skimmed milk for 1 hour and probed with relevant primary and secondary antibodies in 

TBST with 5% skimmed milk. The following primary antibodies were used: Rabbit monoclonal 

anti-GAPDH antibody (1:15,000 dilution, Cell Signaling Technology, 2118S, RRID: 

AB_561053), Mouse monoclonal anti-𝛽-actin antibody (1:5000, Sigma-Aldrich, A1978, RRID: 

AB_476692), pSTAT3 Tyr705 (1:1000, Cell Signaling Technology, 9131L, RRID: 

AB_331586), STAT3 (1:1000, Cell Signaling technology, 9139, RRID: AB_331757), GFP 

(1:1,000, Sigma, 11814460001, RRID:AB_390913). p65 (1:1,000, Cell Signaling Technology, 

8242S, RRID:AB_331757), Lamin A/C (1:1,000, Cell Signaling Technology, 4777, 

RRID:AB_10545756). 

The following secondary antibody was used: Goat anti-Mouse IgG (HþL) Secondary 

Antibody, HRP (1:5000 dilution, Thermo Fisher Scientific, 31430, RRID: AB_228307), Goat 

anti-Rabbit IgG (HþL) Secondary Antibody, HRP (1:5000 dilution, Thermo Fisher Scientific, 

31460, RRID: AB_228341). HRP was detected by chemiluminescence by Clarity Western ECL 

Substrate (Bio-Rad, 1705061) by a film developer. 
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Cytoplasmic and nuclear protein fraction preparation: 

PSC1d cells were seeded in 6-well plate the day before the experiments, and ATP and cytokines 

were added for 1 hour. Cells were washed with ice cold PBS and lysed with 100 µl harvest 

buffer (10 mM HEPES-KOH pH 7.9, 50 mM NaCl, 0.5 M Sucrose, 0.1 mM EDTA, 0.5% Triton 

X-100, protease inhibitors) for 5 minutes on ice. Next, cells were scraped, collected, and 

centrifuged at 500g for 5 minutes at 4 degrees. Supernatant was saved as cytoplasmic/membrane 

protein fraction.  

 Then, pellet was resuspended with 500 µl buffer A (10 mM HEPES-KOH pH 7.9, 10 

mM KCl, 0.1 mM EDTA, 0.1 mM EGTA) and centrifuged immediately at 500g for 5 minutes at 

4 degrees. Supernatant was carefully removed, and pellet was lysed in 50 µl buffer C (10 mM 

HEPES-KOH pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% NP-40) for 10 

minutes on ice, followed by 10,000g 5 minutes centrifugation at 4 degrees. Finally, supernatant 

was collected as nuclear protein fraction.  

 

Cytosolic calcium flux detection: 

12.5k PSC1d cells were seeded per well in black-edge, clear-bottom 96-well plates (Corning, 

353219) the evening before experiments. Next day, cells were loaded with 2 µM Fura-2 AM 

(ThermoFisher Scientific, F1221) and 10 µM BAPTA-AM (Cayman, 15551) in serum-free 

DMEM at 37 degree for 30 minutes in the dark. Then, cells were washed three times with 

calcium-free Ringers (Concepcion et al. 2022) and F340/F380 absorbance was analyzed on 

FlexStation3 multimode microplate reader (Molecular Devices). During analysis, 390 µM of 

ATP, 1 mM Ca2+ containing Ringers, and 1 µM ionomycin (all final concentrations) were 

injected sequentially for real time cytosolic calcium flux analysis. 
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RNA-sequencing and gene set enrichment analysis (GSEA): 

PSC1d cells were treated with ATP and cytokines for 1 hour, 6 hour, 24 hours, and sample 

triplicates were collected and followed by RNA extraction using the TRIzol reagent (Ambion, 

15596026) per the manufacturer's instructions. The extracted RNA was treated with Invitrogen 

DNA-free DNA Removal Kit (Invitrogen, AM1906) to remove excess DNAs per manufacture’s 

instructions. At least 500 ng of extracted RNA per sample was sent to Novogene for sequencing 

and bioinformatics analysis. RNA sequencing was performed via Illumina Next-Generation 

Sequencing. Fragments were aligned with HISAT2 to reference genes, and differential gene-

expression analysis was performed by DESeq. The list of differential expressed genes was 

filtered by “protein_coding”, and the average counts that are less than 20 are filtered out. GSEA 

was performed by entering pre-ranked gene fold change data (.rnk file) into the tool “Run 

GSEAPreranked” in the GSEA software (Broad Institute, GSEA 4.3.3) matching 

mh.all.v2023.2.Mm.symbols gene set database. 

 

Statistical analysis: 

Statistical analysis for all experimental data is included in the figure legends, with sample size 

and type of analysis indicated. P values less than or equal to 0.05 is considered as significant: ns, 

not significant; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. 
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3.3 Results 

A blood chemical screen identified ATP as metabolite that potentiates the cytokine induced 

inflammatory CAF state.  

We previously developed a novel fibroblast reporter (FIRE) system (Schwörer et al. 2023) to 

rapidly assess the CAF states in response to perturbations. The FIRE system features both 

myofibroblastic CAF (SMA-DsRed) and inflammatory CAF (IL6-EGFP) transcriptional reporters 

and adequately indicates CAF state transitions by fluorescence readings in response to 

established modulators of the CAF state (TGF𝛽 for the myCAF state, and cytokines and the 

hypoxia mimetic CoCl2 for the iCAF state) (Fig. 3.1A). We calculated a Z-factor of 0.8, 

indicating the suitability of the assay for high-content screening (J. H. Zhang, Chung, and 

Oldenburg 1999). 

To identify extracellular metabolic factors that regulate the CAF state, we used PSCs, the 

CAF precursors in PDAC tumors (Helms, Onate, and Sherman 2020), expressing FIRE to screen 

a library of metabolites that are present both in blood and in tumors (Fan et al. 2023). Out of 255 

metabolites, various purines promote FIRE changes towards an iCAF-like state (negative FIRE 

score) in the presence of cytokines or TGF𝛽 (Fig. 3.1B). Intriguingly, we found that the top hit, 

ATP, can blunt TGFβ-induced 𝑎SMA expression in a time-dependent manner (Fig. 3.1C) while 

promoting cytokines (IL-1𝑎/LIF/TNF𝑎)-induced IL6 expression both time- and dose- 

dependently (Fig. 3.1D). 

To further validate the effect of ATP in potentiating the cytokine-induced iCAF state, we 

examined more iCAF markers, Cxcl1 and Lif, and verified the IL6 mRNA levels directly. In two 

mouse PSC cell lines (Fig. 3.2A&3.2B), mouse primary lung fibroblasts (Fig. 3.2C), and in 

human primary lung CAFs (Fig. 3.2D), ATP treatment synergizes with cytokines in stimulating 
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Cxcl1, Lif, and IL6 gene expression. Further, analysis of conditioned media from PSCs shows 

that ATP and cytokines synergistically upregulate mouse IL-6 (Fig. 3.2E), CXCL1 (Fig. 3.2F), 

and LIF (Fig. 3.2G) protein levels. Moreover, we tested another iCAF marker, Ly6C, and flow 

cytometry shows that ATP treatments promotes both IL6 and Ly6C expression and synergizes 

with cytokines (Fig. 3.2H-3.2K). Consistently, pretreatment of PSCs with ATP in culture (Fig. 

3.2L) was sufficient to decrease myCAF to iCAF ratios in tumors (Fig. 3.2M) and increase their 

tumor-promoting properties (Fig. 3.2N) after subcutaneous co-injection with KPC cells.  

Altogether, these data indicate that eATP can potentiate an inflammatory CAF state in 

combination with cytokines and increase the tumor-promoting properties of PSCs. 

 

The iCAF state-promoting effect of ATP is not mediated through purinergic receptors. 

ATP is an intracellular energy carrier, while eATP is an important extracellular signaling 

molecule and one of its most established pathways is through binding purinergic receptors (Di 

Virgilio et al. 2018). Thus, we sought to explore this classical eATP signaling pathway for its 

role in mediating the effect of eATP on the CAF state.  

There are two major outcomes downstream of purinergic signaling activation: 

intracellular calcium flux and cAMP-CREB pathways (Woods et al. 2021). Indeed, eATP 

triggers an immediate cytosolic calcium response, and such calcium response can be repressed 

by pretreatment with intracellular calcium chelator BAPTA-AM (Fig. 3.3A). However, 

repressing the intracellular calcium flux does not increase the FIRE score after eATP treatment 

(Fig. 3.3B). This indicates that, although eATP can trigger a calcium response, the calcium 

response is not responsible for eATP’s effect in inducing an iCAF-like state in PSCs. Also, 

perturbing the cAMP-CREB pathway by PKA or CREB inhibition does not affect the FIRE 
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score decreased by eATP (Fig. 3.3C, 3.3D). These data indicate that purinergic receptor 

pathways do not explain ATP’s effect on promoting an iCAF-like state, suggesting a purinergic 

receptor unrelated mechanism. To confirm, we inhibited selected purinergic receptors based on 

their mRNA expression from our previous RNAseq (Schwörer et al. 2023) (data not shown). 

Inhibiting P2X4, P2X7, P2Y1, P2Y2, or P2Y6 does not affect eATP-mediated induction of an 

iCAF state (Fig. 3.3E-3.3I). UTP is the preferred agonist of P2Y2 and P2Y4, UDP is of P2Y6, 

and UDP-glucose is of P2Y14 (Di Virgilio et al. 2018). Treating cells with the same or double 

the concentrations of UTP, UDP, UDP-glucose does not induce an iCAF-like state in PSCs in 

comparison to ATP (Fig. 3.3J-3.3K). Altogether, although eATP can trigger purinergic receptor 

responses (such as calcium flux), our data suggest that purinergic receptor signaling may not 

mediate eATP’s impact in promoting an iCAF-like state in PSCs. 

 

At least one phosphate group is required for eATP’s effect in inducing an iCAF state, and 

it is independent of pH change. 

 To further explore the mechanism of eATP effect on PSCs, we examined multiple ATP 

derivatives, including ADP, AMP, adenosine, and adenine. We also included a non-hydrolysable 

ATP analog, ATP𝛾S. ATP, ATP𝛾S, ADP, and AMP, but not adenosine nor adenine, can increase 

IL6 and Ly6C protein levels alone and synergize with cytokines (Fig. S3.1A). This indicates that 

adenosine with at least one phosphate group is needed to promote an iCAF-like state in PSCs. 

ATP𝛾S findings further indicate that ATP does not need to be degraded to mediate its effect on 

PSCs. Since ATP has hydrolysable triphosphate groups, we examined if there is a change in 

media pH at the concentration that can induce an iCAF state. Results show that, adding ATP, 

ATP𝛾S, ADP, AMP, adenosine, or adenine does not significantly change media pH (Fig. S3.1B). 
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Moreover, altering media pH by NaOH or HCl does not increase IL6-EGFP levels (Fig. S3.1B, 

S3.1C).  

Altogether, for eATP and its derivatives to promote an iCAF-like state, at least one 

phosphate group is required, and the effect is independent of pH change in the media and does 

not require ATP hydrolysis. 

 

eATP effect in promoting an iCAF state is through JAK-STAT3 pathway. 

eATP can promote the iCAF state within a few hours (Fig. 3.1D), this prompted us to investigate 

other potential signaling roles of eATP. PSCs were treated with ATP and/or cytokines for 1 hour, 

and multiple phosphorylation pathways were resolved simultaneously by a phospho-kinase array 

(Fig. 3.4A, 3.4B). STAT3 phosphorylation at site Y705 increases almost forty times upon ATP 

treatment and is further increased together with cytokines (Fig. 3.4A, 3.4B). To confirm these 

findings, after 1-hour ATP and cytokine treatments, nucleus and cytosol proportions were 

isolated from PSCs, and STAT3 activity as well as p65 levels were resolved by immunoblotting. 

p65 is a key component of the NF-𝑘B pathway, which has previously been reported, along with 

the JAK-STAT3 pathway, to be the two key effector iCAF pathways (Biffi et al. 2019). 

Consistent with the phospho-kinase array results, ATP alone increases STAT3 phosphorylation, 

and this further increases upon cytokine stimulation (Fig. 3.4C). However, there is no change of 

nuclear p65 levels upon ATP treatment (Fig. 3.4C), suggesting that ATP does not activate NF-

𝑘B signaling. In addition, we performed RNA-Seq on 6-hour (Fig. 3.4D) and 24-hour (Fig. 3.4E) 

of ATP and cytokines treatment. Using GSEA, we found that consistently, after 6 hours of 

treatments, IL-6-JAK-STAT3 pathway is upregulated by ATP alone compared to untreated 
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PSCs, or by ATP and cytokines compared to cytokines alone (Fig. 3.4D); while after 24 hours of 

treatments, the Hallmark inflammatory pathway is upregulated (Fig. 3.4E).  

To test if JAK-STAT3 signaling is indeed critical for ATP’s effect, a potent JAK2 

inhibitor was applied, which has previously been validated to effectively abrogate pSTAT3 

levels in PSCs (Schwörer et al. 2023), along with ATP for 24 hours. Results show that, upon 

ATP treatment there is an increase in IL6 and Ly6C levels, and the effect completely disappears 

with JAK inhibition (Fig. 3.4F).  

Altogether, these data show that, upon ATP treatment, STAT3 is activated, and inhibition 

of JAK2 blocks ATP’s effect in inducing Ly6C and IL6. This indicates that ATP promotes an 

iCAF-like state through the JAK-STAT3 pathway. 

 

ATP promotion of an iCAF state is serum dependent. 

Since the JAK-STAT pathway can be activated by both cytokines and growth factors (X. Hu et 

al. 2021), we removed cytokines and growth factors from the media by serum starvation to test 

whether ATP was still effective under these conditions. Cells were serum starved in 0.5% FBS 

for 6 hours, and ATP was added for another 24 hours in 0.5% FBS. Intriguingly, ATP no longer 

increases IL6 nor Ly6C expression after serum starvation to the same extend as in 10% FBS 

(Fig. 3.5A, 3.5B), suggesting that ATP’s effect in promoting an iCAF state is serum dependent.  
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Figure 3.1 

ATP is the top candidate from the blood chemical screen that potentials an inflammatory CAF 

state. A, Fibroblast reporter (FIRE) score calculated out of fluorescence of transcriptional 

reporters SMA-DsRed and IL6-EGFP measured on Incucyte, with 2 ng/ml TGFb, cytokines (2 

ng/mL murine IL-1𝑎, TNF𝑎, and LIF), or 100 µM cobalt chloride (CoCl2). B, Summary of blood 

chemical screen plotted on FIRE of candidates subtracted by FIRE of control, and red dots 

highlights the candidates that have an adjusted p-value less than 0.05 and a fold change over 

20%. Time course transcriptional reporters (C) SMA-DsRed, (D) IL6-EGFP fluorescence 

measurement on Incucyte after adding 390 µM ATP, 2 ng/ml TGFb, and cytokines on time 0. E, 

FIRE score of PSC1d cells after 24-hour treatment with 0, 156, 390, 780, 1560 µM dose-

increasing ATP and cytokines, and p values are relative to the control condition.  
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(continued) 

Error bars indicate means ±	SD (N = 3 biological replicates). P values were calculated using 

two-tailed, unpaired Student t test (ns, not significant; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001). 
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Figure 3.2 

Validation of 

eATP effect in 

potentiating 

iCAF state and 

affecting tumor 

growth. A-D, 

mRNA levels 

of (A) PSC1d 

cells, (B) PSC3 

cells, (C) 

mouse primary 

lung 

fibroblasts, and 

(D) human 

primary lung 

CAFs after 24-

hour of ATP 

and cytokines 

treatment by 

RT-qPCR. All 

qPCRs are  
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(continued) 

N = 3 biological replicates, and statistic comparison is performed on cytokines versus cytokines 

with ATP. E-G, IL-6 (E), CXCL1 (F), LIF (G) protein secretion detected in PSC1d conditional 

media after 24-hour ATP and cytokines treatment by ELISA. N = 3 biological replicates. H-K, 

Flow cytometry on PSC1d after 24-hour ATP and cytokine treatment, and IL6 and Ly6C are 

shown and quantified in (I)-(K). L-N, PSC1d cells were pretreated with eATP for 24 hours and 

subcutaneously co-injected with KPC cells into mice for 20 days, N = 10 mice. (L) Schematic 

diagram of the coinjection experiment; (M) Endpoint myCAF/iCAF ratio; (N) Endpoint tumor 

volume. All error bars indicate means ±	SD, and p values were calculated using two-tailed, 

unpaired Student t test (ns, not significant; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001). 
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Figure 3.3 

The iCAF state-promoting effect of ATP is not mediated through purinergic receptors. A, 

Cytosolic calcium flux in PSC1d cells upon acute eATP treatment analyzed on FlexStation3; B-I,  

FIRE score of PSC1d cells analyzed on Incucyte after 24-hour treatment with 390 µM eATP and 

cytokines, (B) 10 µM BAPTA-AM, (C) 200 nM PKAi (H89), (D) 200 nM CREBi (666-15), (E) 

10 µM P2X4i (5-BDBD), (F) 10 µM P2X7i (AZ10606120), (G) 10 µM P2Y1i (MRS2179), (H) 

10 µM P2Y2i (AR-C 118925XX), or (I) 10 µM P2Y6i (MRS2578). J-L, FIRE score of PSC1d 

cells analyzed on Incucyte after 24-hour treatment with ATP and cytokines, (J) UTP, (K) UDP, 

or (L) UDP-glucose (+, 390 µM; ++, 780 µM ).  
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Figure 3.4 

eATP effect in promoting an iCAF state is through JAK-STAT3 pathway. A, Signaling pathway 

analysis by a phospho-kinase array in PSC1d cells treated with eATP and cytokines for 1 hour, 

and pSTAT3 is highlighted. B, Quantification of phospho-kinase array and all relative to their 

own mock levels. C, p-STAT3, STAT3, p65 levels in isolated nucleus and cytosol of PSC1d 

cells after 1-hour ATP and cytokines treatment by immunoblotting. D-E, GSEA  
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(continued) 

analysis from RNA-Seq on (D) 6-hour ATP and cytokines treatment and (E) 24-hour ATP and 

cytokines treatment. N = 3 biological replicates. F, IL6  and Ly6C levels in PSC1d cells after 24-

hour treatment with ATP, cytokines, and 2 µM JAK2 inhibitors by flow cytometry. 
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Figure 3.5 

ATP promotion of an iCAF state is serum dependent. A, IL6 and Ly6C levels in PSC1d cells 

after 24-hour treatment with ATP and cultured in 10% or 0.5% FBS. B, Quantification of 

percentage Ly6C positive, IL6 positive, and double positive cells in (A). 

  



112 
 

 

 

Figure S3.1 

At least one phosphate group is required for eATP effect in inducing an iCAF state, and it’s 

independent of media pH change. B, Phenol red absorbance measured at 558 nm by plate reader 

for DMEM based media immediately after adding 390 µM ATP𝛾S, ATP, ADP, AMP, 

adenosine, adenine; HCl, or NaOH. C, IL6-EGFP fluorescence levels measured on Incucyte after 

24-hour treatment with 390 µM ATP𝛾S, or ATP; HCl or NaOH. Data in A was generated by Dr. 

Simon Schwörer. 
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3.4 Discussion 

ATP accumulation in the TME is a feature of many other solid tumors, such as human melanoma 

and ovarian carcinoma (Pellegatti et al. 2008), and was ATP also accumulates in PDAC (L.-P. 

Hu et al. 2019). Similarly, CAF heterogeneity is also observed across various malignancies (Biffi 

and Tuveson 2021). That is to say, the findings of this study have the potential to be applied to 

wide range of solid tumors. This idea is further supported by our observation that eATP 

synergizes with cytokines not only in PSCs but also lung fibroblasts and CAFs (Fig. 3.2 C-D). 

Moreover, chemotherapy is a standard of care for human PDAC patients, and chemotherapy can 

induce cell death, a major source of extracellular ATP. Does chemotherapy prompt CAFs to an 

iCAF state? Do iCAFs secrete inflammatory factors and may make cancer cells relapse? Would a 

combination of chemotherapy and iCAF targeting be beneficial for PDAC treatments? These are 

the questions that are potentially interesting for future studies. 

Since we saw eATP promotes an iCAF state in a serum dependent manner (Fig. 3.5), 

future experiments will need to resolve the contributions of individual growth factors and 

cytokines from the serum, based on reported serum components (Lee et al. 2022). This will shed 

light on eATP’s mechanism. For example, if there is one major contributor from the serum that 

eATP is dependent on to induce the iCAF state, eATP’s effect may be mediated through its 

receptor or downstream effectors. Moreover, since the JAK2 inhibitor can abrogate the eATP 

effect, the activity of more JAK isoforms should be tested to figure out the exact JAK isoform be 

affected, which can also help to narrow down the exact mechanism. 

At this stage, we cannot rule out the possibility that eATP enters the cell and functions 

intracellularly. If we are not able to identify cell surface proteins mediating the combined effect 

of eATPs and cytokines, a whole-genome CRISPR/Cas9 screen will be performed. In addition, 
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we haven’t tested by ourselves if the PKA and CREB inhibitors are functional at the 

concentrations we used. We also cannot rule out that eATP enters the cell and acts intracellular.  
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 

4.1 Calcium levels in the ER may also be oncogene dependent. 

Our finding highlights the critical role of ER calcium homeostasis for cancer cell 

proliferation and survival (Sehgal et al. 2017; Preissler et al. 2020; Ibarra et al. 2022; Krebs, 

Agellon, and Michalak 2015; Luo and Lee 2013; Bahar, Kim, and Yoon 2016), and that the 

sustained UPR can trigger cell apoptosis (Sano and Reed 2013) (Figure 4.1).  

Moreover, we not only observed changes in ER calcium before and after AHCYL1 

deficiency but also there are differences in cellular basal ER calcium levels: in NRAS-mutated 

human melanoma cell HMCB, the basal ER calcium is significantly higher than BRAF-mutated 

melanoma cell A375 (Fig. 2.3C). This observation raises the question of whether basal ER 

calcium levels vary across cell types and whether such variation is oncogenic background 

dependent. Particularly, NRAS-mutated melanoma has been reported to be more sensitive to 

intracellular calcium alterations than BRAF-mutated melanoma (Esteves et al. 2020). 

Intriguingly, we also noted that HMCB cells were larger in size than A375, suggesting greater 

cell growth and more extensive protein synthesis and folding in NRAS-mutated HMCB cells.  

Future studies will explore whether cell growth and size can be oncogene-dependent and 

whether they correlate with basal ER calcium levels and protein folding requirements. 
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Figure 4.1 Schematic of NRAS-dependent AHCYL1 requirement in human melanoma (created 

with BioRender.com). 

 

4.2 Our findings reinforce the idea that there are oncogene specific metabolic 

alterations. 

Over the past decade, our research group and others elucidated multiple oncogene-

specific metabolic regulations (Xia et al. 2017; Kang et al. 2015; Gao et al. 2022; Zhao et al. 

2017; Lin et al. 2018; Min and Lee 2018; Tarrado-Castellarnau, de Atauri, and Cascante 2016). 

We have found that the ketogenic enzyme HMG-CoA lyase (HMGCL) is selectively essential in 

melanoma cells expressing BRAF V600E, where its product acetoacetate promotes BRAF V600E-

dependent MEK1 activation (Kang et al. 2015; Xia et al. 2017; Zhao et al. 2017). Moreover, we 

demonstrated that chondroitin-4-sulfate (CHSA), a circulating dietary supplement, exhibits 

intracellular signaling function by enhancing casein kinase II (CKII)-PTEN binding, leading to 
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PTEN inhibition and subsequent AKT activation, which are crucial for cancers 

expressing BRAF V600E (Lin et al. 2018). We also reported that Phospholipase A2, 

group VII (PLA2G7) and Lyso-PAF act as key elements of RAS-RAF1 signaling and 

exhibit intracellular signaling functions (Gao et al. 2022).  

Here, our study on AHCYL1 (Cai et al. 2024) further adds to this knowledge and 

demonstrates the concept of oncogene-specific calcium regulations in cancer cells, and 

sheds light on oncogene-mediated metabolic rewiring in cancer cells compare to normal 

cells, providing new insights in development of novel precision medicine for cancer 

treatment (Hanahan 2022).  

 

4.3 What is the potential of targeting AHCYL1 for clinical treatments? 

Despite the ever-present challenge to target oncogenes directly, our research reinforces 

the idea of targeting oncogene synthetic lethal partners. We identified AHCYL1 is overexpressed 

in NRAS-mutant expressing human melanoma cells, and it is selectively critical. AHCYL1 can 

be a promising target for NRAS mutated human melanoma treatments. 

Based on data on healthy human tissues from human protein atlas, AHCYL1 expression is 

medium to low across all healthy tissues and organs, indicating it may be a relative safe target, 

especially considering the fact that even in melanoma, there is differential expression levels of 

AHCYL1 that is oncogene dependent (Figure 4.1). 
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4.4 Where does eATP come from? 

eATP has been found to accumulate at high micromolar levels in the TME comparing to 

healthy tissues (Pellegatti et al. 2008; L.-P. Hu et al. 2019). However, where does it come from? 

eATP can accumulate in the TME due to cell apoptosis and dead cells, in addition, cells 

under hypoxia and stress can also release ATP without cell injury (Di Virgilio et al. 2018). Given 

the fact that PDAC has necrotic centers and hypoxic regions as discussed in chapter 1.6, eATP 

might further contribute to the iCAF accumulation at PDAC hypoxic regions (Schwörer et al. 

2023). Intriguingly, a recent study also found that macrophages can release ATP under hypoxia 

conditions (Bhattacharyya et al. 2022), and macrophages are the major immune population in the 

PDAC TME (Poh and Ernst 2021). Altogether, ATP accumulation in the PDAC TME may 

derive from: (1) necrotic center and dead cells; (2) Hypoxia causing cell stress making cells 

release ATP from their intracellular stock; (3) Macrophages in hypoxia regions. 

While eATP accumulation in the PDAC has been measured previously, we need to 

measure and validate eATP accumulation in the PDAC TME ourselves, in particular in the 

mouse models used to determine the effect of eATP pretreatment on tumor growth and the 

accumulation of iCAFs in the hypoxic tumor regions. We have obtained a P2Y1-based 

extracellular ATP sensor from Addgene, GRAB_ATP1.0 (Wu et al. 2022), and have engineered 

it into lentiviral backbone with the help of Sayana Isaac and Nicole Liu (undergraduate students 

from the Schwörer Lab) for later stable expression. After confirming the sequence is correct, we 

will stably express it in our PDAC cancer cell lines. Then, we will first test the sensitivity of this 

sensor in vitro, by adding titrations of eATP and detecting EGFP and mCherry fluorescence. The 

EGFP fluorescence is hypothesized to rise with increasing concentrations of eATP, and is 

normalized to mCherry fluorescence to account for the expression levels of the sensor. The 



119 
 

ultimate goal is to inject GRAB_ATP1.0_PDAC cells together with PSCs into mice and record 

fluorescence, comparing to healthy mouse pancreas. This will help us understand: (1) is ATP 

accumulating in the PDAC TME comparing to healthy pancreas; (2) is ATP accumulating at 

certain regions of a PDAC tumor, for example, hypoxia by pimonidazole staining, or near 

macrophages. 

Not only for PDAC, ATP accumulation in the TME is a feature of many other solid 

tumors, such as human melanoma and ovarian carcinoma (Pellegatti et al. 2008). Similarly, CAF 

heterogeneity is also observed across various malignancies (Biffi and Tuveson 2021). That is to 

say, the findings of this study have the potential to be applied to wide range of solid tumors. 

Moreover, chemotherapy is a standard of care for human PDAC patients, and chemotherapy can 

induce cell death, a major source of extracellular ATP. Does chemotherapy prompt CAFs to an 

iCAF state? Do iCAFs secrete inflammatory factors and may make cancer cells relapse? Would a 

combination of chemotherapy and iCAF targeting be beneficial for PDAC treatments? These are 

all questions from a bigger picture and imply therapeutic potential. 
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Figure 4.2 Proposed model for eATP promoting an iCAF state (created with BioRender.com). 

 

4.5 Is the effect of eATP promoting an iCAF-like state solely from 

extracellular signaling? 

We have found that eATP can induce phosphorylation of STAT3 (Fig.3.4A-C) as well as 

initiate gene transcription (data not shown) within 1 hour. In addition, eATP can increase EGFP 

fluorescence driven by IL6 promoter at early time points (Fig.3.1D). Not only eATP can work in 

a relative short time, but also its effect can almost be completely abolished by JAK inhibition 

(Fig. 3.4F). Moreover, ATP is a relatively big molecule with a lot of negative charges and has 

thus been thought to be cell impermeable. These pieces of evidence make us lean toward the 

hypothesis that the ATP promotes an iCAF state by acting as an extracellular signaling molecule.  
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However, at this stage, we cannot fully rule out the possibility that eATP enters the cell 

and functions intracellularly. Indeed, studies have showed that ATP-treated mouse cells 

significantly and rapidly increase its membrane permeability, which leads to a massive efflux of 

nucleotide pools (Chaudry 1982). In addition, some equilibrative nucleoside transporters (ENTs) 

can mediate the uptake of eATP, although more pronounced in its degraded form, adenosine 

(Boswell-Casteel and Hays 2017).  

Thus, we propose the following experiments:  

1) Check nucleoside transporters expression in our PSC1d cells based on the RNA-seq 

results and abolish nucleoside transporters by using Dipyridamole (a pan ENT, CNT inhibitor) 

and examine if eATP effect on iCAF state is significantly decreased. However, if there is no 

effect, later it can be difficult to justify if the inhibitor itself is functional as expected.  

2) Obtain and treat cells with isotope labelled eATP. First, we need to confirm that the 

isotope labelled ATP can still promote an iCAF state. Second, we will lyse the cells, extract 

intracellular metabolites, and run on GC/MS to see if the labelling of metabolites can be 

detected. If so, it can suggest that eATP can get inside the cells. There are several isotope labeled 

ATP that are commercially available, such as, [g-18O4]ATP, 18O-ATP, 2-F-2-C13-ATP, 

13C10-15N5-ATP. Among them, [g-18O4]ATP may not be ideal because its labelling is at 

phosphate group that can be hydrolyzed, making the detected labelling potentially independent 

of ATP but from the phosphate group. The pitfalls are, first, even if ATP is detected inside the 

cells, it is unknown if the iCAF promoting effect is from intracellular ATP – it can still be 

through eATP signaling, just some can get inside of the cells. Second, ATP can be hydrolyzed 

extracellularly into adenosine, and labelled adenosine gets inside the cell and then reassemble 

into ATP intracellularly. Thus, we might need to disturb CD39 or CD73 to inhibit the potential 
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ATP hydrolyzation. Worth noting that, the gene Entpd1 (encodes CD39) and Nt5e (encodes 

CD73) are almost not expressed in our PSC1d cells from RNA-seq analysis (data not shown), 

which we need to confirm by immunoblotting. In short, even if ATP can get inside the cells, and 

either initiating signaling or metabolism, it is still unknown if these mechanisms explain the ATP 

effect in promoting an iCAF state. To answer that question, we can inhibitor ATP transporters 

and check if the iCAF state promoting effect of eATP still exists. 

 

4.6 How does our story fit into the purinergic receptor field? 

We would like to clarify that although our current data does not support eATP functions 

through purinergic receptor to promote an iCAF state, we are not claiming that in our system 

eATP does not bind to purinergic receptors. In fact, we have shown that eATP can indeed induce 

intracellular calcium flux, a major effect downstream of purinergic receptor, but our data suggest 

that this downstream effect does not explain the iCAF promoting effect of eATP (Fig.3.3A-B). 

In addition, we also found that, after treating cells with purinergic receptor inhibitors, eATP 

effect is enhanced rather than diminished (Fig.3.3C-I), potentially indicating that by blocking 

purinergic receptors, it frees up more eATP so as to bind to its real effector in fibroblasts. 

Indeed, one can easily criticize that, we have not tested how specific are the inhibitors, 

and whether they really block the purinergic receptors. We choose inhibitors based on literatures 

and used at concentrations around and above the reported IC50. For future directions, we should 

test these inhibitors by examining if they block calcium flux by eATP. Also, we should 

genetically knock out these receptors and validate eATP effect. Not only for some technical 

concerns regarding inhibitor effect; biologically, the purinergic receptors can present 

redundancy, so that abolishing one may not explain the effect of eATP. To solve that problem, 
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we have obtained pan-P2X inhibitors, PPADS, and will test if eATP still promotes an iCAF state 

with PPADS. In short, we cannot completely rule out the purinergic receptors yet (Fig. 4.2).  

 Worth noting is that, there are some studies that explored extracellular nucleotides and 

fibroblasts before. In a study published in 2011, the authors also found extracellular ATP can 

elicit intracellular calcium flux in PSCs, as well as ADP and AMP, and this is both P2X and P2Y 

receptor dependent (Hennigs et al. 2011). In addition, eATP can increase calcium in human 

pulmonary fibroblasts, and also increase TGFb, collagen A1, and fibronectin RNA levels 

through P2Y receptors (Janssen et al. 2009). Also, a study shows that cardiac fibroblasts can 

release ATP, and that in turn activates P2Y2 receptor that leads to increased aSMA and collagen 

production in an ERK-dependent manner (Lu et al. 2012). ATP can dose-dependently increase 

ECM and TGFb production in rat mesangial cells (Solini et al. 2005). Moreover, ATP can bind 

to P2X4 and induce profibrogenic gene expression (aSMA, IL-6, TIMP-1, VEGF-A) in hepatic 

stellate cells (Le Guilcher et al. 2018). Altogether, previous work suggests that in lung 

fibroblasts, eATP go through purinergic receptors to induce aSMA and ECM production and 

further causes lung fibrosis. Thus, it is possible that if the majority of eATP binds to purinergic 

receptors, the effect is mainly through aSMA and causes ECM remodeling. However, no study 

has yet to show the effect of eATP in pancreatic fibroblasts. It is possible that, there is a cell 

surface receptor that specifically expressed by PSCs that has a much higher affinity to eATP than 

purinergic receptors, or itself is expressed at much higher level than purinergic receptors. And 

this receptor can recruit JAK and initiate JAK-STAT pathway to make PSCs toward an 

inflammatory state that override the effect through purinergic receptors. Furthermore, while we 

have shown that eATP downregulates Acta2 (encoding SMA) expression, we have not yet 

analyzed SMA and ECM expression after eATP treatment on a protein level. 
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4.7 Why is it serum dependent for eATP to promote an iCAF state? 

We have shown that under serum starvation, eATP is no longer able to increase Ly6C 

and IL-6 levels (Fig.3.5). There are several possibilities to explain such serum dependency:  

1) Expression of the putative eATP receptor(s) on the cell surface is serum dependent. 

Thus, without serum, the eATP receptor is not expressed, rendering eATP unable to promote an 

iCAF state. To test this hypothesis, we can isolate cell membrane from PSC1d cells under both 

0.5% FBS and 10% FBS and perform proteomics and compare the differentiation of receptor 

expression.  

2) Recruitment of JAK to the putative eATP receptor(s) is serum dependent. To test that, 

we have obtained a phospho-Jak family antibody sampler kit that contains various p-JAK 

antibodies. We will isolate protein lysate from PSC1d cells treated with eATP and cultured under 

both 0.5% FBS and 10% FBS and examine JAK phosphorylation by immunoblotting. If JAK is 

no longer phosphorylated under serum starvation, indicating that JAK recruitment is serum 

dependent. 

Future experiments will need to resolve the contributions of individual growth factors and 

cytokines from the serum, based on reported serum composition (Lee et al. 2022). 

 

4.8 Is JAK-STAT pathway the dominant mechanism? 

We have found that eATP effect in promoting an iCAF state can be abolished by the 

JAK2 inhibitor AZD1480. Although this inhibitor has previously been tested by Dr. Schwörer in 

the same context of PSCs and showed great potency (Schwörer et al. 2023), we still need to 

further confirm the inhibition efficiency in our system especially after adding eATP. To test this, 
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we will extract protein from PSC1d cells treated with ATP, JAK2i, and combinations and 

examine JAK2 phosphorylation and STAT3 phosphorylation. One critique of our current study 

is, although we showed the JAK2i can abolish the eATP effect, and in a separate experiment, 

eATP can phosphorylate STAT3, we have not demonstrated the causality between them. 

Experiments proposed above can help answer this concern. 

Moreover, there are four isoforms in JAK family, they are JAK1, JAK2, JAK2, and 

TYK2 (X. Hu et al. 2021). Although JAK2i can abolish the effect, we haven’t shown JAK2 

phosphorylation is dominant after eATP treatment.  To test that, we have obtained a phospho-Jak 

family antibody sampler kit that contains various p-JAK antibodies. We will isolate protein 

lysate from PSC1d cells before and after treatment with eATP and examine JAK isoforms by 

immunoblotting.  

Meanwhile, we will knockout STAT3 by CRISPR-Cas9 and if eATP effect is completely 

abolished in STAT3 KO cells, this indicate JAK-STAT3 pathway is the dominant mechanism for 

eATP promoting an iCAF state. 

 

4.9 Since eATP promotes PSCs to secret IL-6, can it be IL-6 rather than 

eATP that activate the JAK-STAT pathway? 

We have found that eATP can promote an iCAF state by upregulating multiple 

inflammatory markers, such as IL-6, CXCL1, LIF, and Ly6C (Figure 4.2). Among them, IL-6 is 

the classic cytokine that can activate JAK-STAT3 pathway (D. E. Johnson, O’Keefe, and 

Grandis 2018). Given that we also found JAK-STAT pathway can be the major downstream 

signaling pathway of eATP, it is possible that after eATP promoting IL-6 secretion, secreted IL-6 
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acts in an autocrine manner to activate JAK-STAT pathway and causes the inflammatory 

phenotype. 

While this model is intriguing, we have shown by ELISA that without cytokines, eATP 

itself is not promoting IL-6 concentrations in the conditioned media, at least after 6 hours of 

eATP treatments (Fig.3.2E). However, we have also shown that eATP by itself can already 

induce p-STAT3 levels after 1 hour of eATP treatment (Fig.3.4A-C). This indicates that, eATP 

can promote JAK-STAT pathway by itself and it is not dependent on potential IL-6 autocrine 

function. If needed to further examine the idea, we can also obtain an IL-6 neutralization 

antibody and test if eATP can still promote an iCAF state with IL-6 protein neutralized.  
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