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Abstract  77 

Pancreatic ductal adenocarcinoma (PDAC) is a highly metastatic disease with poor outcomes. 78 

Iron is known to signal cellular responses, and its levels are regulated by lipocalin-2 (LCN2) 79 

expression, a PDAC pro-tumorigenic molecule. However, how iron and LCN2 function in 80 

PDAC is unclear. Here we demonstrate that iron levels regulate PDAC cell proliferation, 81 

invasion, expression of epithelial to mesenchymal tumor markers, and pro-inflammatory 82 

cytokines. Iron chelation increased the expression of the LCN2 receptor SLC22A17 in pancreatic 83 

stellate cells and the anti-metastatic gene NDRG1 in PDAC cells. Deletion of Lcn2 in mouse 84 

tumor cells modulated the expression of genes involved in extracellular matrix deposition and 85 

cell migration. Moreover, cellular iron responses were dependent on the Kras mutation status of 86 

cells, and LCN2 expression levels. Deletion of Lcn2 expression in PDAC suggests a protective 87 

role against metastasis. Thus, iron modulation and LCN2 blockade could serve as potential 88 

therapeutic approaches against PDAC.  89 
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Introduction   90 

Pancreatic ductal adenocarcinoma (PDAC) is currently the third leading cause of cancer-91 

related deaths in the United States, mostly due to the lack of early detection methods, late 92 

diagnosis, and limited treatment options (1). Poor prognosis results from late stage diagnosis, 93 

low eligibility for tumor resection, increased resistance to current therapies, high cancer cell 94 

proliferation rates, and elevated incidence of metastases (2-4).  95 

PDAC progression has been associated with increased expression of pro-inflammatory 96 

molecules such as lipocalin-2 (LCN2) (5). LCN2 is a secreted glycoprotein involved in the 97 

innate immune response that is upregulated in many cancers including PDAC (5, 6). Our group 98 

has previously shown that LCN2 expression is highly elevated in the blood of PDAC patients 99 

and in PDAC tumor cells, inducing inflammation by modulating the secretion of pro-100 

inflammatory cytokines in human pancreatic stellate cells (HPSCs) in the PDAC tumor 101 

microenvironment (TME) (5). Moreover, depletion of LCN2 in mice extends survival and delays 102 

PDAC tumor growth (5). LCN2 chelates divalent and trivalent iron via siderophore binding that 103 

controls cellular iron uptake and apoptosis (7-9), for this reason, iron modulation could be 104 

essential in regulating the mechanisms by which LCN2 contributes to the tumorigenesis of 105 

PDAC. 106 

 Cellular iron levels control metabolism, proliferation, DNA synthesis, and cell death of 107 

both normal and neoplastic cells (10-14). Cancer cells increase iron uptake and expression of the 108 

transferrin receptor, known to transport iron into the cells (15). Moreover, iron metabolism-109 

related pathways are used as prognostic indicators of various cancers (16-18). Increased iron 110 

levels are involved in the epithelial-mesenchymal transition (EMT) of cancer cells, leading to 111 

increased metastasis (10, 11, 18-26). Since PDAC cells undergo EMT, decreasing iron levels 112 
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could potentially inhibit EMT in PDAC (18, 23, 27-29).  Iron chelators, such as deferoxamine 113 

(DFO), are used to reduce iron levels and have been effective in the treatment of iron overload 114 

diseases like hemochromatosis (30). In leukemia, breast, and colorectal cancers, DFO treatment 115 

inhibits cell growth and promotes apoptosis (31-33). Iron also regulates the expression of genes 116 

involved in metastasis. Among these, high levels of iron downregulate the expression of the N-117 

myc downstream-regulated gene1 (NDRG1). NDRG1 is known to suppress metastasis and 118 

inhibit EMT in several cancers, including PDAC (34), and it is associated with the differentiation 119 

state of PDAC cells, with well-differentiated cells expressing higher levels of NDRG1 (35).  120 

 Given the increasing evidence suggesting a link between LCN2, iron, and PDAC 121 

tumorigenesis, here we investigated the effects of iron level modulation and LCN2 expression on 122 

cell proliferation, invasion, and expression of various inflammatory-related cytokines on PDAC 123 

cancer and stromal-derived cells. Moreover, we assessed whether LCN2 depletion from cancer 124 

cells resulted in gene expression changes related to EMT and metastasis.  125 

Results 126 

Iron levels regulate proliferation of PDAC and pancreatic stellate cells 127 

Iron is known to modulate cell proliferation (12, 13). Therefore, we tested whether 128 

modulating iron levels in vitro by adding or chelating iron would affect the proliferation of 129 

PDAC and pancreatic stellate cells. Since iron responses are known to be dependent on the Kras 130 

mutation status of cancer cells (36) we selected to study PANC1 (mutant for Kras) and BXPC3 131 

(wild-type for Kras) human PDAC cells (37). We treated human PDAC cells, mouse PDAC cells 132 

(KPC) and human PSC (HPSC) cells with increasing concentrations of iron (ferrous ammonium 133 

citrate, FAC). FAC treatments of 0.313 mM and 20 mM reduced proliferation of BXPC3, 134 

however FAC concentrations between 0.625 mM and 10 mM at 48 and 72 hours increased 135 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 15, 2020. ; https://doi.org/10.1101/2020.01.14.907188doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.14.907188
http://creativecommons.org/licenses/by/4.0/


   
 

Page 6 of 30 
 

proliferation (Figure 1). In contrast, increased FAC treatments decreased the proliferation of 136 

PANC-1, KPC, and HPSC cells in a dose-dependent manner for which HPSCs were more 137 

sensitive to FAC (Figure 1 and Figure 1 – figure supplement 1A). To address whether iron 138 

chelation alone inversely regulated cell proliferation, cells were treated with the iron chelator 139 

DFO. At lower doses of DFO, we observed an increased trend towards proliferation for all cells 140 

with maximum proliferation at 48 hours, which was statistically significant only in HPSC 141 

(Figure 1B, D, F, and Figure 1- figure supplement 1B). In contrast, higher doses of DFO (12.5 142 

µM, 25 µM, and 50 µM) resulted in decreased proliferation for all cells after 72 hours except for 143 

KPC cells (Figure 1B, D, F, and Figure 1 – figure  supplement 1B). Therefore, cell 144 

proliferation is dependent on iron level modulation and suggests that iron levels could impact 145 

cells proliferation in a Kras-dependent matter in PDAC.  146 

Iron levels modulate the expression of pro-inflammatory and iron-transport genes in 147 

PDAC and pancreatic stellate cells 148 

 TME-associated inflammation can mediate tumor growth (38, 39). Therefore, we tested 149 

whether modulating iron levels could influence the expression of pro-inflammatory genes (IL6 150 

and IL1β), known to be regulated by the expression of LCN2, a PDAC-associated cytokine 151 

involved in cellular iron uptake (5). We also measured the expression of two iron-transport 152 

genes, ferritin heavy chain 1 (FTH1), and solute carrier family 22 member 17 (SLC22A17), 153 

(LCN2 receptor) to verify cellular iron storage, and iron-bound LCN2 transport into the cells 154 

respectively. BXPC3, PANC-1, and HPSC were treated with FAC at 150µM (a physiologically 155 

relevant dose of iron) (40) for 24 hours and showed elevated expression of IL6, IL1β, and FTH1, 156 

in the presence of FAC relative to control (Figure 2). However, SLC22A17 expression was not 157 

responsive to iron treatment in any of the cell lines tested (Figure 2). In addition, we treated cells 158 
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with 20 µM of DFO, and showed that expression of IL6 and IL1β decreased in HPSC. 159 

Expression of IL6 was not stimulated in PANC-1 and BXPC3 while IL1β increased in BXPC3 160 

after iron chelation (Figure 2B, D). FTH1 expression was reduced in PANC-1, while it was 161 

increased in HPSCs after DFO treatment (Figure 2F). Moreover, SLC22A17 expression was 162 

upregulated only in HPSCs after iron chelation (Figure 2H), which could be the result of an 163 

adaptation mechanism in response to low levels of iron in HPSCs, to preserve iron transport in 164 

the TME. Thus, increased iron levels seem to promote inflammation and iron transport in PDAC 165 

and HPSCs, but do not affect the expression of the LCN2 receptor. Iron chelation for the most 166 

part blocked some of those effects and specifically increased iron transport molecules in HPSCs. 167 

These results indicate that stromal cells of the TME respond differently to reduced iron levels 168 

than cancer cells. 169 

Iron treatment promotes EMT and cancer cell invasion of human PDAC cell lines in a 170 

Kras-dependent matter. 171 

 Iron promotes changes in EMT which is known to precede invasion (10). Therefore, to 172 

understand whether iron levels modulate the EMT phenotype of PDAC cells, we examined cell 173 

morphology and expression of EMT markers as a result of iron treatment. Increased iron induced 174 

a mesenchymal morphology in BXPC3 that was not observed in PANC-1 cells (Figure 3A). To 175 

confirm the morphological changes observed, classical EMT markers, ZEB1, SNAI1, and TWIST 176 

transcription factors, and the epithelial marker E-cadherin (CDH1) were measured after 48 hours 177 

of 20mM FAC treatment (Figure 3B, C). In BXPC3 cells, expression levels of all the EMT gene 178 

markers were elevated after FAC treatments, while CDH1 (an epithelial marker) expression was 179 

decreased, as expected for cells undergoing EMT. TWIST had the largest increased in gene 180 

expression after FAC treatment (5.5-fold increase) compared to control in BXPC3 cells. In 181 
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PANC1 cells FAC did not induced expression of EMT markers, but it resulted in a 2.7-fold 182 

decrease in expression of CDH1. Moreover, iron chelation decreased the expression of EMT 183 

markers (ZEB1, SNAI1 and TWIST) in both BXPC3 and PANC-1 (Figure 3 - figure supplement 184 

1A, B). Interestingly, DFO also decreased CDH1 expression in PANC-1. These data suggest that 185 

iron chelation could inhibit iron-dependent EMT of cancer cells and might be dependent on the 186 

Kras mutations status of cells. To further assess how the iron-dependent EMT modulation 187 

regulates the invasive potential of BXPC3 and PANC-1, we measured invasion via transwell 188 

assay with a BME coated membrane. We showed that iron treatments significantly increased the 189 

invasion of BXPC3 cells at both 150µM and 20mM FAC. However, invasion was significantly 190 

increased only in PANC-1 cells after 150µM FAC and not 20mM FAC (Figure 3D, E). These 191 

correlates with the increased expression of EMT markers observed in BXPC3 cells at 20mM 192 

FAC. 193 

Iron regulates NDRG1 expression which is inversely correlated with LCN2 expression in 194 

PDAC.  195 

Iron is known to downregulate the expression of the iron related metastasis suppressor, 196 

N-myc downstream regulated gene 1 (NDRG1), and this downregulation is associated with 197 

increased proliferation and invasion of PDAC (34, 41, 42). Therefore, we measured the 198 

expression of NDRG1 after treating BXPC3 and PANC-1 cells with 150μM and 20mM FAC. 199 

We showed that NDRG1 expression decreases 33-fold in BXPC3 and 22-fold in PANC-1 cells 200 

after FAC treatment (Figure 4A). NDRG1 expression was considerably higher in BXPC3 201 

compared to PANC-1 cells not treated with FAC. Moreover, iron chelation induced the 202 

expression of NDRG1 in both BXPC3 and PANC-1 cells (Figure 4B). Our data suggests that 203 

iron chelation could decrease iron-induced metastasis via EMT and NDRG1 regulation.  204 
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 NDRG1 expression is involved in cell line differentiation, with well differentiated PDAC 205 

cells expressing higher levels of NDRG1 and poorly differentiated PDAC cells expressing lower 206 

levels or no NDRG1 mRNA (35). Moreover, NDRG1 expression was found to be negatively 207 

regulated by LCN2 in cholangiocarcinoma cells (43). Therefore, we assessed the expression of 208 

LCN2 and NDRG1 in multiple human PDAC cell lines and a HPSC cell line compared to a 209 

normal human pancreatic ductal epithelial cell line (HPDE). We showed that in general there 210 

was an inverse relationship between NDRG1 expression and LCN2 expression, except for 211 

PANC-1 and MIAPACA2, where both NDRG1 and LCN2 expression were low (Figure 4C and 212 

4E). Since these genes are involved in iron regulation, we also assessed the expression of the 213 

iron transport gene FTH1 and showed that all cell lines had significantly lower expression levels 214 

than HPDE. (Figure 3 - figure supplement 1C). To validate our findings in another model, we 215 

examined Ndrg1 and Lcn2 expression levels in the pancreatic tissue of a genetically engineered 216 

mouse model of diet-induced PDAC (KRASG12D/CRE) (5, 44). We showed that Lcn2 expression 217 

was increased and Ndrg1 expression was decreased in KRASG12D/CRE mice, compared to the 218 

CRE control mice (Figure 4D-4F). 219 

Lcn2 depletion elevates Ndrg1 expression, which is regulated in an iron-dependent manner. 220 

 To further understand the role of LCN2 expression and iron levels in modulating NDRG1 221 

expression in PDAC, we generated a KPC cell line with a biallelic Lcn2 deletion. Several Lcn2-/- 222 

(KO) clones were isolated and characterized by a series of genomic PCR assays, and two of 223 

those Lcn2 KO clones were used in this study (Figure 5 – figure supplement 1). Quantitative 224 

RT-PCR was performed to verify that no transcripts of Lcn2 were present (Figure 5 and Figure 225 

5 – figure supplement 2A).  226 
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 Mouse PDAC cells (KPC-parental clone, Lcn2-KO clone 1 and Lcn2-KO-clone 2) were 227 

treated with similar FAC concentrations as the human PDAC cells shown in (Figure 1) and KPC 228 

cells prior to single cell cloning (Figure 1 – figure supplement 2A) to evaluate and compare 229 

cell proliferation. Results showed that FAC decreases proliferation in a dose-dependent manner 230 

for all KPC cell lines and at 72 hours, all KPC cell lines showed a decreased in proliferation 231 

similar to that observed for PANC-1 and HPSC in Figure 1 (Figure 5 – figure supplement 2). 232 

To investigate whether the lack of Lcn2 expression modulates the levels of Ndrg1 233 

expression in cancer cells treated with iron, KPC-parental cells, Lcn2-KO clone 1 and Lcn2-KO 234 

clone 2 were treated with various concentrations of FAC and changes in Ndrg1 gene expression 235 

were examined (Figure 5A). We showed that Ndrg1 expression was elevated 2.5 to 3.3-fold in 236 

the untreated Lcn2-KO clones relative to the parental clone KPC cell line. However, FAC 237 

treatments decreased the expression of Ndrg1 in the Lcn2-KO clones and not the Lcn2+/+ KPC 238 

parental clone. Both Lcn2-KO clones showed a decrease in Ndrg1 expression as the FAC 239 

concentration increased to 150 µM, but a reversal of this trend is observed at 1500 µM FAC for 240 

both KO clones (Figure 5). The absence of Lcn2 in mouse PDAC cells elevated the expression 241 

of Ndrg1, which was regulated by iron levels. To further understand this relationship, we 242 

measured Lcn2 expression in the KPC-parental clone cells and found an overall increased in 243 

Lcn2 expression at increasing doses of FAC (Figure 5). These data suggest that iron levels 244 

regulate expression of Lcn2 in cancer cells.  245 

To verify iron influx into the cells, the expression of Fth1 was quantified. Fth1 246 

expression was overall increased with increasing iron concentrations in all cells regardless of 247 

Lcn2 expression (Figure 5E). These results indicate that iron was being taken by the cells and 248 

stored even in the absence of Lcn2 expression.   249 
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To assess whether iron chelation had the inverse effects of iron treatments on KPC cells 250 

with or without Lcn2 expression, we treated the cell lines with a range of DFO concentrations 251 

and measured the expression of Ndrg1. In the KPC-parental cells, increasing concentrations of 252 

DFO increased Ndrg1 expression (Figure 5B). However, the Lcn2-KO clones exhibited an 253 

overall decrease in Ndrg1 expression. Furthermore, we measured Lcn2 and Fth1 expression after 254 

DFO treatments and showed that DFO increased Lcn2 expression at high concentrations in the 255 

KPC-parental cell line (Figure 5D) and decreased Fth1 expression overall in all KPC cell lines 256 

regardless of Lcn2 expression (Figure 5F). These results further depict the complexity of iron 257 

regulation and its association with other factors in PDAC. A plausible explanation for these 258 

results is that in a low iron environment, KPC cells decrease the expression of the iron storage 259 

gene Fth1 because iron needs to be released from storage to be utilized by the cell, while 260 

increasing Lcn2 expression in order to scavenge for iron and compensate for the lack of iron 261 

available in the cell.  262 

Lcn2 depletion regulates the expression of genes involved in extracellular matrix deposition 263 

and cell migration pathways 264 

To further understand other pathways that are regulated by the lack of Lcn2 expression in 265 

PDAC cells, we performed RNA sequencing analysis of the KPC parental and Lcn2-KO clone 266 

cell lines. A heat map of the hierarchal clustering of genes in KPC parental and Lcn2-KO clones 267 

shows that the clustering of genes differed greatly between the KPC parental and the Lcn2-KO 268 

clones, while the clustering of genes between both Lcn2-KO clones were similar to each other 269 

(Figure 6A). 270 

Gene Ontology (GO) analyses were performed to identify the processes in which 271 

differentially expressed genes of these cell lines were involved. These results showed that Lcn2 272 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 15, 2020. ; https://doi.org/10.1101/2020.01.14.907188doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.14.907188
http://creativecommons.org/licenses/by/4.0/


   
 

Page 12 of 30 
 

deletion differentially modulates ECM related mechanisms, cell migration, cell adhesion, blood 273 

vessel development, and connective tissue development, among others (Figure 6B, C, D), when 274 

compared to the KPC parental clone cell line expressing Lcn2. These are all characteristics 275 

involved in cancer development and progression, where LCN2 plays an important role (45, 46).  276 

Furthermore, Gene Set Enrichment Analyses (GSEA) were used to identify classes of 277 

genes or proteins over-represented in the Lcn2-KO clones and to understand possible 278 

associations to cancer phenotypes. We found genes involved in the biological function of cell 279 

adhesion to be significantly over-represented in the KPC Lcn2-KO clone 1 (Figure 7 A) and 280 

clone 2 (Figure 7 B) cell lines, compared to the KPC parental clone. Genes involved in 281 

proteinaceous extracellular matrix processes and the integrin pathway were also found 282 

significantly over-represented in the KPC Lcn2-KO clone 1 (Figure 7 C, E) and clone 2 (Figure 283 

7 D, F) cell line compared to KPC parental. Therefore, Lcn2 deletion modulates a large number 284 

of genes involved in extracellular matrix deposition and cell migration pathways.  285 

DISCUSSION  286 

 Since iron is essential for cell growth, DNA synthesis, and apoptosis, tumor cells tend to 287 

have elevated iron requirements relative to normal somatic cells due to their increased 288 

proliferation rates (47). In this study, the human PDAC cell line BXPC3, increased proliferation 289 

in response to changes in iron concentration compared to PANC-1 cells (Figure 1). BXPC3 cells 290 

express an un-mutated KRAS gene while PANC-1 express a mutant KRASG12D (37, 48, 49), 291 

possibly accounting for the differences observed in these cell lines. These effects are slightly 292 

reversed when iron is chelated with DFO. Interestingly, in PDAC patients in which Kras is not 293 

mutated, iron concentrations are significantly higher (50). This suggests that Kras mutation status 294 

could be involved in iron homeostasis in the same way that the TP53 mutation, another common 295 
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mutation in PDAC patients, was found to regulate cellular iron transport and storage (51). 296 

Moreover, triapine, an iron chelator and an inhibitor of the M2 subunit of the ribonucleotide 297 

reductase, has been used to improve radiation therapy outcomes in PDAC patients (52). In 298 

addition, iron chelation has also been effective in reducing tumor growth alone or in combination 299 

with other treatments in vitro and in PDAC xenograft models (53-56). 300 

Considering the interaction of iron with the pro-inflammatory cytokine LCN2, we sought 301 

to understand whether iron contributed to the inflammatory responses observed in PDAC. Here 302 

we showed that iron induced inflammation by increasing the expression of IL6 and IL1β in both 303 

PDAC cancer and pancreatic stellate cells. However, the expression of the LCN2 receptor 304 

SLC22A17 remained unchanged (Figure 2 A, C, G). In breast cancer, iron contributes to 305 

chemoresistance by increasing IL6 production in tumor associated macrophages (57). 306 

Chemoresistance is one of the most common features in PDAC in part due to the dense stromal 307 

environment (58). For this reason, additional studies should investigate whether iron modulation 308 

could be used in combination with current therapies to decrease chemoresistance in PDAC.  309 

Iron concentrations are associated with EMT in tumors cells (10, 11). The crucial steps of 310 

EMT leading to metastasis are characterized by a decrease in intercellular adhesion of the tumor 311 

cells, a loss of epithelial morphology, and increased invasion, a hallmark of mesenchymal 312 

morphology (27, 59). At the molecular and transcriptional level, EMT is characterized by 313 

promoting the degradation of basement membranes and ECM, leading to invasion and metastasis 314 

(46). Here we showed that excess iron in the media of BXPC3 cells increased the expression of 315 

EMT-associated markers and cell invasion more than PANC-1 cells (Figure 3), while iron 316 

chelation decreased mesenchymal markers expression in both cell lines (Figure 3 - figure 317 

supplement 1A, B). Differences in the Kras mutation status between BXPC3 and PANC-1 cell 318 
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lines could be mediating the invasive phenotype and proliferation that results from iron in PDAC 319 

(35, 37, 48). Previous reports suggest that Ras expression can modulate cellular processes such 320 

as cell survival in ovarian cancer (36) and other factors in PDAC (50, 60). Iron chelation has 321 

been effective at suppressing EMT in lung, prostate, colon and esophageal cancer (20-23). 322 

However, a study in mice showed that while EMT induces chemoresistance in PDAC, EMT is 323 

not needed to develop an invasive and metastatic phenotype (61). Contributing to the Kras 324 

expression difference among the cell lines, we found higher LCN2 expression in BXPC3 cells 325 

compared to the mutant KRAS PANC-1 cells (Figure 4C), which might support the differences 326 

in iron responses and iron-dependent EMT initiation between the lines. Future studies aimed at 327 

understanding whether LCN2 expression is associated with Kras mutations in PDAC are 328 

necessary to determine whether LCN2 and iron targeted therapy will benefit PDAC patients.  329 

 Besides inducing EMT, iron also regulates expression of the metastatic suppressor 330 

NDRG1 (21, 23, 34). NDRG1 expression can be regulated by other effectors including N-myc, 331 

acetylation of histones, hypoxia, and intracellular calcium levels (21, 34, 41, 42, 62, 63). NDRG1 332 

is responsible for the suppression of glycolytic metabolism in PDAC, a metabolic pathway 333 

utilized by many cancers for growth (60). In our study, we found that increased levels of iron 334 

downregulated the expression of NDRG1, while iron chelation upregulated NDRG1 expression in 335 

PDAC cancer cells. Moreover, baseline expression of NDRG1 was lower in the PANC-1 cell line 336 

compared to the BXPC3 cell line (Figure 4A, B). Similar results were observed in the mouse 337 

pancreatic cancer cell line, where the induction of oncogenic KrasG12D mutation decreased 338 

significantly the protein levels of NDRG1 (60). Since NDRG1 expression is already reduced in 339 

the mutant Kras compared to wild type Kras cell line, the further decrease in NDRG1 expression 340 

caused by iron might not have the same impact on promoting EMT. Although Kras mutations 341 
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and elevated expression of LCN2 are common in PDAC, our data suggests that knowing the 342 

mutation status of Kras and LCN2 levels in patients could help inform whether iron modulation 343 

and LCN2 blockade could serve as a novel treatment approach.  344 

 Intracellular iron is regulated by the expression of FTH1, which functions as an iron 345 

storage protein and controls intracellular iron release (64). Here we showed that FTH1 346 

expression is lower in PDAC cell lines compared to a normal human pancreatic ductal epithelial 347 

cell line (Figure 3 - figure supplement 1). These data suggest that there is an increase of free 348 

iron and possible reduction in iron storage due to the high demand for iron by PDAC cells. FTH1 349 

expression is also downregulated in HPSC, potentially for the same reason. Lower amounts of 350 

intracellular FTH1 result in higher concentrations of free iron, contributing to elevated reactive 351 

oxygen species production, another essential factor in EMT (26). In human breast and lung 352 

cancer cell lines, inhibition of FTH1 expression promoted migration, decreased adhesion, and 353 

displayed a fibroblastoid morphology that lead to EMT (19). These findings support the 354 

observation that increased extracellular and intracellular iron, as well as reduced intracellular 355 

FTH1, results in EMT. 356 

To further understand how LCN2 expression in cancer cells modulated iron responses, 357 

LCN2 expression was deleted via CRISPR. RNA sequencing was used to identify other 358 

processes regulated by Lcn2 expression in PDAC. We showed that Lcn2 deletion is associated 359 

with differentially expressed genes involved in extracellular matrix related pathways and 360 

processes vital to cancer progression, such as cell migration, cell motility, and collagen binding 361 

(Figure 6 B, C, D). These results validate and build upon our prior work supporting the finding 362 

that stromal cells treated with LCN2 increase inflammation in the TME of PDAC and that lack 363 

of Lcn2 expression in mice delays PDAC tumor formation and increases survival (5). In 364 
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particular, the processes of cell adhesion, proteinaceous extracellular matrix, and integrin 365 

pathway were strongly over-represented in the tumor cells that lack Lcn2 expression (Figure 7). 366 

Cell adhesion is associated with an epithelial phenotype and it is known to be reduced during 367 

EMT and metastasis (27). Moreover, the proteinaceous extracellular matrix and integrin 368 

pathways are tightly associated with the organization of the extracellular matrix in cancer 369 

progression (65).  370 

 Overall, in our study we demonstrated that iron promotes inflammation, invasion, and 371 

EMT on PDAC cell lines partially by modulating NDRG1 expression. Iron responses were 372 

strongly associated with LCN2 expression, which contributes to the formation and function of 373 

the TME. Finally, our data suggests that iron chelation can potentially decrease invasion and 374 

metastasis in PDAC, especially if combined with an LCN2 blockade. Additional studies are 375 

needed to assess the therapeutic potential of LCN2 blockade and iron modulation on PDAC 376 

progression and metastasis, and its correlation with Kras mutations status. Our study also 377 

suggests that Kras mutations may play a role in how cancer cells respond to iron in PDAC. 378 

Therefore, knowing the mutation status of KRAS in PDAC would help determine whether a 379 

patient could benefit from iron chelation therapy and LCN2 blockade in conjunction with current 380 

treatment standards of care.  381 

Materials and Methods 382 

Cell culture and cell lines  383 

Cell lines were cultured at 37oC with 5% CO2 in DMEM supplemented with 4.5 g/l 384 

glucose, L-glutamine and 10% FBS. All cell lines tested negative for the presence of 385 

mycoplasma using MycoAlert kit (Lonza, Hayward, CA), which we test monthly. BXPC3, 386 
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PANC-1, HPAC, CAPAN2, MIAPACA2, CAPAN1, and MPANC96 were obtained from the 387 

American Type Culture Collection (ATCC). HPDE (non-malignant, human pancreatic ductal 388 

epithelial) cells (66, 67) were obtained from Dr. Tsao (Ontario Cancer Institute, Toronto, ON, 389 

Canada). Mouse PDAC cells were derived from a pancreatic tumor of a LSL-KRasG12D, LSL-390 

Trp53-/- , PDX-1-CRE, (KPC) genetically engineered mouse, as described in (5, 68). The KPC 391 

cell line was subcloned to derive a single clone for CRISPR cloning. HPSC were acquired from a 392 

resected human PDAC sample as described in (5).  393 

CRISPR plasmids, guide RNA constructs and oligonucleotides 394 

The PX459V2.0 plasmid (pSpCas9(BB)-2A-Puro) (Addgene, Watertown, MA) was used 395 

to ligate the appropriate single guide RNA sequences 5’ of the trans-activating CRISPR RNA 396 

(tracrRNA) scaffold to create a gRNA/tracrRNA that will direct the Cas9 nuclease to the 397 

appropriate site for cleavage (69). Cloning of single guide RNA sequences, transfection of 398 

plasmids into cells, and selection of biallelic, Lcn2-deleted clones are modified from previously 399 

described protocols (70). PX459V2.0 plasmid contains the cas9 ORF, the tracrRNA scaffold 400 

ORF, a cloning site (BbsI) for ligation of a specific guide RNA at the 5’ end of the tracrRNA 401 

scaffold ORF, and a puromycin resistance gene for selection of cells that were transfected with 402 

PX459V2.0. Transfection of PX459V2.0 was performed using Lipofectamine 3000 (Invitrogen) 403 

under manufacturer’s guidelines. Guide RNA sequences are located in intron 2 (gRNA-1), intron 404 

5 (gRNA-2), and the 3’ UTR (gRNA-3) of the mouse Lcn2 gene (six exons total) (Figure 5 – 405 

figure supplement 1). Paired guide RNAs, gRNA-1/gRNA-2 and gRNA-1/gRNA-3, generated 406 

deletions from exons 3 through 5 and exons 3 through 6, respectively, thus creating two 407 

distinguishable types of genomic deletions. Biallelic Lcn2-deleted single cell-derived clones 408 

were identified using genomic PCR and oligonucleotides 5’ to gRNA-1 genomic location, and 3’ 409 
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to gRNA-2 and gRNA-3 genomic locations to detect deletions in the Lcn2 locus (Figure 5 – 410 

figure supplement 1). Biallelic Lcn2-deleted clones were further verified using oligonucleotides 411 

internal to the deleted region (Figure 5 – figure supplement 1).                                 412 

Guide RNA oligonucleotide pairs for ligation into PX459V2.0 and Genomic PCR 413 

oligonucleotides are displayed in Supplementary file 1.  414 

Iron treatments  415 

For iron and DFO treatments, plated cells were washed with PBS three times and serum 416 

starved 24 hours prior to the treatments. Treatments with iron were performed with Ferric 417 

Ammonium Citrate (FAC) (Sigma-Aldrich, St. Louis, MO), in concentrations ranging from 0-418 

20mM FAC added to the serum-free media (SFM) (only DMEM) for 24-72 hours depending on 419 

the experiment. Iron chelation was performed with DFO (Sigma-Aldrich, St. Louis, MO) in 420 

concentrations ranging from 0-50µM added to SFM for 24-72 hours depending on the 421 

experiment. 422 

Cell proliferation 423 

CellTiter 96 AQueous One Solution Cell Proliferation Assay MTS 3-(4,5-424 

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was used 425 

according to the manufacturer’s protocol (Promega, Madison, WI) to assess proliferation of cells 426 

cultured in 96-well plates.  427 

Cell invasion 428 

 Invasion assays were performed according to the manufacturer’s protocol with some 429 

modifications. Briefly, the upper surface of transwell membranes (24-well plates, 6.5mm Insert, 430 
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8.0um PET membrane; (Trevigen) was coated with Basemen Membrane Extract (BME), 431 

composed of laminin I, collagen IV, entactin and heparin sulfate proteoglycan. The coated 432 

transwells were incubated at 370 C, 24 hours before the assay. The following day, SFM or 10% 433 

FBS DMEM was added to the bottom chambers. The cells were centrifuged and resuspended in 434 

0.25 mg BSA/PBS twice, and 50,000 cells were added to the upper transwell membrane 435 

chambers. The cells were left to invade overnight into either SFM or 10% FBS DMEM, at 370 C. 436 

The next day, the cells that migrated to the bottom were washed and stained with Calcein-437 

AM/cell dissociation solution and incubated for 1 hour. Cell numbers were read at 485 nm 438 

excitation and 520 nm emission wavelengths using the Synergy HT multimode micro-plate 439 

reader (BioTek, Winooski, VT).  440 

DNA isolation and genomic PCR 441 

 DNA from KPC cultured cells, for the selection of CRISPR-derived biallelic Lcn2 442 

deletion clones, was isolated using the DNeasy Blood & Tissue kit (Qiagen, Venlo, 443 

Netherlands). Genomic PCR was performed using 30 ng of genomic DNA for the detection and 444 

verification of the biallelic deletion within the mouse Lcn2 gene. 445 

RNA isolation and quantitative RT-PCR 446 

 RNA isolation from cultured cells or mouse pancreatic tissue was performed using 447 

TRIzol reagent (Life Technologies, Carlsbad, CA) following the manufacturer’s protocol. 448 

Reverse transcription to generate cDNA from total RNA was performed using the Verso cDNA 449 

synthesis kit (ThermoFisher Scientific, Waltham, MA). Quantitative PCR using TaqMan primers 450 

(Supplementary file 1) (ThermoFisher Scientific, Waltham, MA) was employed to determine 451 

gene expression levels compared to control and normalized to either 18S or GAPDH. 452 
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Imaging 453 

Bright-field microscopy images of BXPC3, PANC-1 and HPSC cell lines were taken 454 

with an Olympus IX51 microscope DP74 digital camera. 455 

Genetically engineered transgenic mice and treatments 456 

KRasG12D mice obtained from the Mouse Models of Human Cancer Consortium 457 

Repository (NIH Bethesda, MD) (71) were bred with the Ela-CreERT (CRE) mice as previously 458 

described (72) to generate the KRasG12D/CRE mice. At 40 days old, mice were administered 459 

tamoxifen orally for 3 consecutive days and were fed a high fat diet for 6 weeks (Test Diet DIO 460 

58Y1 van Heek Series; Lab Supply, Fort Worth, TX), in which 60% of energy was derived from 461 

fat. Pancreatic tissue was collected after the intervention and RNA was extracted.  462 

RNA profiling 463 

The RNA expression was analyzed by RNAseq. The RNA library was generated using 464 

the NEB Next Ultra II Directional RNA kit. The sequencing approach was polyA-selection 465 

(mRNA-seq). The input amount was 200 ng total RNA as determined by 466 

ThermoFisher/LifeTechnology Qubit RNA assay. Each library was sequenced to a depth of 17 – 467 

20 million passed filter clusters (or 34 – 40 million passed filter reads) using the Illumina HiSeq 468 

4000 sequencer paired – end 150bp approach. The data discussed in this publication have been 469 

deposited in NCBI's Gene Expression Omnibus (73) and are accessible through GEO Series 470 

accession number GSE143463 471 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143463). 472 

RNAseq data processing and analysis 473 
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Sequencing reads were aligned to mouse reference genome GRCm38 with hisat2 (74). 474 

Gene expression was quantified with featureCounts software (75) for genes annotated by 475 

ensembl Mus_musculus.GRCm38.83, counting the primary alignment in the case of 476 

multimapped reads. Genes were included if at least half of the samples had an expression of 2 477 

CPM. Raw counts were normalized by voom and differential expression was performed with 478 

limma (76).   479 

For the heatmap, we selected genes with logFC > 1 or <-1 and with FDR<0.05 in either 480 

KPC parental clone vs KPC Lcn2-KO clone 1 or KPC parental clone vs KPC Lcn2-KO clone 2.  481 

Using ComplexHeatmap in R, we plotted scaled voom normalized expression values (77). To 482 

identify gene sets enriched in pairwise comparisons of sample groups, we performed Gene Set 483 

Enrichment Analysis (GSEA) (78, 79). For the analysis, we used voom-normalized expression 484 

data. Mouse gene sets were downloaded from Gene Set Knowledgebase GSKB (80) for Gene 485 

ontology (GO), pathway, and transcription factors.  486 

Statistics  487 

Statistical analyses were carried out using the Prism 5 software program (GraphPad 488 

Software San Diego, CA). Data are presented as the mean ± standard error of the mean. A t-test 489 

or one-way analysis of variance (ANOVA) was performed to analyze the data for two groups 490 

and multiple comparisons respectively. Multiple comparisons were corrected with the Dunnett’s 491 

test. Levels of significance are indicated as follows: ∗ = P ≤ 0.05, ∗∗ = P ≤ 0.01, ∗∗∗ = P ≤ 492 

0.001, ∗∗∗∗ = P ≤ 0.0001. Non-parametric analyses were conducted when data were not 493 

normally distributed. A minimum of three replicates were performed for all in-vitro studies. 494 

 495 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 15, 2020. ; https://doi.org/10.1101/2020.01.14.907188doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.14.907188
http://creativecommons.org/licenses/by/4.0/


   
 

Page 22 of 30 
 

Acknowledgements: We thank The Ohio State University Genomics Shared Resource (GRS) 496 

for the RNA sequencing library generation which is funded by NCI Cancer Center Support Grant 497 

P30 CA016058. 498 

 499 

FIGURE LEGENDS 500 

Figure 1. Iron and DFO treatments regulate cell proliferation in the TME. (A), BXPC3, (C), 501 

PANC-1 and (E). HPSC were treated with, 0.313 mM, 0.625 mM, 1.25 mM, 2.5 mM, 5 mM, 10 502 

mM, and 20 mM, FAC. (B) BXPC3, (D) PANC-1 and (F) HPSC were treated with 0.781 µM, 503 

1.563 µM, 3.125 µM, 6.25 µM, 12.5 µM, 25 µM, and 50 µM DFO. Cell proliferation was 504 

measured using MTS following exposure to FAC or DFO over a range of 72 hours. Results were 505 

normalized to 0 hours, represented by a horizontal dashed line. Significance was assessed by 506 

one-way ANOVA comparison test. Bars represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001 507 

****p≤0.0001. Sample size ranged from 3 to 12 replicates, each group. Black bars represent 508 

non-treated cells.  509 

 510 

Figure 1 – figure supplement 1. Iron and DFO treatments regulate cell proliferation and 511 

viability in the TME. (A) Mouse PDAC cell line KPC treated with same concentration of FAC as 512 

Figure 1A. (B) Mouse PDAC cell line KPC treated with same concentration of DFO as Figure 513 

1B. Significance was assessed by one-way ANOVA. Bars represent mean ± SEM. *p≤0.05, 514 

**p≤0.01, ***p≤0.001 ****p≤0.0001.  n=3-6 per group.  515 

 516 

Figure 2. Iron and DFO levels modulate the expression of pro-inflammatory cytokines and 517 

iron-transport genes in the TME. Gene expression levels for (A) IL6; (C) IL1β; (E) FTH1 and 518 
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(G) SLC22A17 in BXPC3, PANC-1, and HPSC with and without iron treatment. Results are 519 

relative to 0 µM FAC (-), (+) denotes 150 µM FAC, maintained for 24 hours. Gene expression 520 

levels for (B) IL6; (D) IL1β; (F) FTH1 and (H) SLC22A17 in BXPC3, PANC-1 and HPSC with 521 

and without DFO treatment relative to 0 µM DFO (-), (+) denotes 20 µM DFO, maintained for 522 

24 hours. Unpaired t-test was used to compare the groups. Bars represent mean ± SEM. *p≤0.05, 523 

**p≤0.01, ***p≤0.001 ****p≤0.0001. n=3 replicates. 524 

 525 

Figure 3. Increased iron levels upregulate genes involved in EMT and promotes an invasive 526 

phenotype in BXPC3. (A) Phase contrast images of BXPC3, PANC-1 and HPSC treated for 48 527 

hours with 150 µM FAC or 20 mM FAC, compared to non-treated control. (B) Gene expression 528 

levels for ZEB1, SNAI1, TWIST, and CDH1 in BXPC3 (B) and PANC-1 (C) relative to 0 mM 529 

FAC (-) treatment and 20 mM FAC (+). Treatments were maintained for 48 hours. Invasion 530 

assays for BXPC3 (D) and PANC-1 (E) with 150 µM FAC or 20 mM FAC treatments. Fold 531 

change relative to media no FBS for each treatment. Significance was assessed by unpaired t-532 

test. Bars represent mean ± SEM, results are normalized to non-treated cells in SFM. *p≤0.05, 533 

**p≤0.01, ***p≤0.001 ****p≤0.0001. n=3 replicates for B and C, n=3-5 independent 534 

experiments for D and E.  535 

 536 

Figure 3 - figure supplement 1. Gene expression levels for ZEB1, SNAI1, TWIST, and CDH1 in 537 

BXPC3 (A) and PANC-1 (B) relative to 0 mM DFO (-) treatment, (+) denotes 20 µM DFO. 538 

Treatments were maintained for 48 hours. n≥3. (C) FTH1 expression levels in the same cell lines 539 

as denoted in (Figure 4.A). Significance was assessed by one-way ANOVA. Bars represent mean 540 

± SEM. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.  n=3 replicates per group.  541 
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Figure 4. Iron treatment decreases expression of anti-metastatic marker NDRG1 in PDAC 542 

and NDRG1 is inversely correlated with LCN2 expression. (A) NDRG1 expression levels in 543 

BXPC3 and PANC-1 under 150 µM FAC or 20 mM FAC treatments, relative to 0 mM FAC. 544 

One-way ANOVA test used to determine significance. (B) NDRG1 expression levels in BXPC3 545 

and PANC-1 under 20 µM DFO treatment, relative to 0 mM DFO. Unpaired t-test was used to 546 

determine significance. n=3-6 replicates (C) LCN2, and (D) Lcn2 expression levels in a normal 547 

human pancreatic ductal epithelial cell line (HPDE), various human PDAC cell lines, and HPSC, 548 

relative to HPDE expression. (E) NDRG1, and (F) Ndrg1 expression levels in mouse pancreatic 549 

tissue isolated from mice CRE and Kras
G12D

/CRE relative to expression in CRE control. n=3 550 

replicates. One-way ANOVA test was used to determine significance in B and D; and unpaired t-551 

test in C and E. Bars represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001 ****p≤0.0001. 552 

 553 

Figure 5. Lcn2 depletion elevates Ndrg1 expression, which is regulated in an iron-554 

dependent manner. (A) Ndrg1 expression in the Lcn2-KO clones after 24 hours of 0 µM, 25 555 

µM, 50 µM, 150 µM, and 1500 µM FAC. (B) Ndrg1 expression in mKPC controls and Lcn2-KO 556 

clones after DFO treatments of 0 µM, 1 µM, 10 µM, 50 µM, and 100 µM for 24 hours. (C) Lcn2 557 

expression in mKPC controls and Lcn2-KOs after same FAC treatments as Figure 5A. (D) Lcn21 558 

expression in mKPC controls and Lcn2-KOs after the same DFO treatments as Figure 5B. (E), 559 

Fth1 expression in mKPC controls and Lcn2-KO clones after same FAC treatments as Figure 560 

5A. (F) Fth1 expression in mKPC controls and Lcn2-KO clones after the same DFO treatments 561 

as Figure 5B. n=3 replicates, Kruskal Wallis test was used to a determine significance. Bars 562 

represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001 ****p≤0.0001. 563 
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Figure 5 – figure supplement 1. Mouse Lcn2 gene – gRNA placement and PCR detection of 565 

deleted regions via CRISPR. 566 

 567 

Figure 5 – figure supplement 2. Two distinct clones of a CRISPR-derived biallelic Lcn2 568 

deletion in KPC. (A) Gene expression levels for Lcn2 in KPC parental clone, Lcn2-KO clone 1 569 

and KPC Lcn2-KO clone 2 relative to KPC parental clone. (B) Iron treatments affect cell 570 

proliferation and viability in KPC parental clone. (C) Lcn2-KO clone 1, and (D) Lcn2-KO clone 571 

2. Cells were treated with 0 mM, 1.5 mM, 5 mM, 10 mM, and 20 mM FAC over 72 hours. 572 

Results were normalized to 0 hours, represented by a horizontal dashed line. Significance was 573 

assessed by one-way ANOVA. Bars represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001 574 

****p≤0.0001.  n=3 replicates per group. 575 

 576 

Figure 6. Lcn2 depletion regulates expression of Extracellular Matrix (ECM) related 577 

pathways. (A) Heat map. Hierarchical clustering of genes generated using R. The heatmap genes 578 

are colored proportional to voom log2 expression values. The color blue represents low 579 

expression of the respective gene, while the color red represents high expression. Changes from 580 

blue to red among the cell lines represent a relative increased in expression. Changes from red to 581 

blue among the cell lines represent a relative decrease in expression. (B) Gene ontology analyses 582 

of KPC parental and Lcn2-KO clone 1, showing the pathways associated with the genes 583 

differentially expressed in a Lcn2-KO clone. (C) Biological processes associated with genes 584 

differentially expressed in a Lcn2-KO clone. (D) Molecular function associated with the genes 585 

differentially expressed in a Lcn2 KO.  586 
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Figure 7. Lcn2 depletion regulates expression of Extracellular Matrix (ECM) related 588 

pathways. GSEA analysis showing overrepresentation of (A) cell adhesion; (C) proteinaceous 589 

extracellular matrix, and (E) integrin pathway in mKPC Lcn2-KO clone 1 vs mKPC parental 590 

clone. (B) cell adhesion; (D) proteinaceous extracellular matrix, and (F) integrin pathway in 591 

mKPC Lcn2-KO clone 2 vs mKPC parental clone.  592 

 593 

Supplementary File 1. Guide RNA pairs for ligation into PX459V2.0 and Genomic PCR 594 

oligonucleotides for CRISPR-derived biallelic Lcn2 deletion in KPC and list of TaqMan primers 595 

used in the qPCR expression measurements. 596 
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Figure 1. Iron and DFO treatments regulate cell proliferation in the TME. (A), BXPC3, (C), PANC-1

and (E). HPSC were treated with, 0.313 mM, 0.625 mM, 1.25 mM, 2.5 mM, 5 mM, 10 mM, and 20 mM,

FAC. (B) BXPC3, (D) PANC-1 and (F) HPSC were treated with 0.781 µM, 1.563 µM, 3.125 µM, 6.25 µM,

12.5 µM, 25 µM, and 50 µM DFO. Cell proliferation was measured using MTS following exposure to FAC

or DFO over a range of 72 hours. Results were normalized to 0 hours, represented by a horizontal dashed

line. Significance was assessed by one-way ANOVA comparison test. Bars represent mean ± SEM. *p≤0.05,

**p≤0.01, ***p≤0.001 ****p≤0.0001. Sample size ranged from 3 to 12 replicates, each group. Black bars

represent non-treated cells.
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B

Figure 1 – figure supplement 1. Iron and DFO treatments regulate cell proliferation and viability in the 

TME. (A) Mouse PDAC cell line KPC treated with same concentration of FAC as Figure 1A. (B) Mouse 

PDAC cell line KPC treated with same concentration of DFO as Figure 1B. Significance was assessed by 

one-way ANOVA. Bars represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001 ****p≤0.0001. n=3-6 per 

group. 
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Figure 2. Iron and DFO levels modulate the expression of pro-inflammatory cytokines and iron-

transport genes in the TME. Gene expression levels for (A) IL6; (C) IL1β; (E) FTH1 and (G) SLC22A17

in BXPC3, PANC-1, and HPSC with and without iron treatment. Results are relative to 0 µM FAC (-), (+)

denotes 150 µM FAC, maintained for 24 hours. Gene expression levels for (B) IL6; (D) IL1β; (F) FTH1 and

(H) SLC22A17 in BXPC3, PANC-1 and HPSC with and without DFO treatment relative to 0 µM DFO (-),

(+) denotes 20 µM DFO, maintained for 24 hours. Unpaired t-test was used to compare the groups. Bars

represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001 ****p≤0.0001. n=3 replicates.
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Figure 3. Increased iron levels upregulate genes involved in EMT and promotes an invasive phenotype 

in BXPC3. (A) Phase contrast images of BXPC3, PANC-1 and HPSC treated for 48 hours with 150 µM 

FAC or 20 mM FAC, compared to non-treated control. (B) Gene expression levels for ZEB1, SNAI1, TWIST, 

and CDH1 in BXPC3 (B) and PANC-1 (C) relative to 0 mM FAC (-) treatment and 20 mM FAC (+). 

Treatments were maintained for 48 hours. Invasion assays for BXPC3 (D) and PANC-1 (E) with 150 µM 

FAC or 20 mM FAC treatments. Fold change relative to media no FBS for each treatment. Significance was 

assessed by unpaired t-test. Bars represent mean ± SEM, results are normalized to non-treated cells in SFM. 

*p≤0.05, **p≤0.01, ***p≤0.001 ****p≤0.0001. n=3 replicates for B and C, n=3-5 independent experiments 

for D and E. 
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Figure 5. Lcn2 depletion elevates Ndrg1 expression, which is regulated in an iron-dependent manner. 

(A) Ndrg1 expression in the Lcn2-KO clones after 24 hours of 0 µM, 25 µM, 50 µM, 150 µM, and 1500 µM 

FAC. (B) Ndrg1 expression in mKPC controls and Lcn2-KO clones after DFO treatments of 0 µM, 1 µM, 10 

µM, 50 µM, and 100 µM for 24 hours. (C) Lcn2 expression in mKPC controls and Lcn2-KOs after same 

FAC treatments as Figure 5A. (D) Lcn21 expression in mKPC controls and Lcn2-KOs after the same DFO 

treatments as Figure 5B. (E), Fth1 expression in mKPC controls and Lcn2-KO clones after same FAC 

treatments as Figure 5A. (F) Fth1 expression in mKPC controls and Lcn2-KO clones after the same DFO 

treatments as Figure 5B. n=3 replicates, Kruskal Wallis test was used to a determine significance. Bars 

represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001 ****p≤0.0001.
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Figure 5 – figure supplement 1. Mouse Lcn2 gene – gRNA placement and PCR detection of deleted regions 

via CRISPR
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Figure 5 – figure supplement 2. Two distinct clones of a CRISPR-derived biallelic Lcn2 deletion in KPC.

(A) Gene expression levels for Lcn2 in KPC parental clone, Lcn2-KO clone 1 and KPC Lcn2-KO clone 2

relative to KPC parental clone. (B) Iron treatments affect cell proliferation and viability in KPC parental

clone. (C) Lcn2-KO clone 1, and (D) Lcn2-KO clone 2. Cells were treated with 0 mM, 1.5 mM, 5 mM, 10

mM, and 20 mM FAC over 72 hours. Results were normalized to 0 hours, represented by a horizontal dashed

line. Significance was assessed by one-way ANOVA. Bars represent mean ± SEM. *p≤0.05, **p≤0.01,

***p≤0.001 ****p≤0.0001. n=3 replicates per group.
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Figure 6. Lcn2 depletion regulates expression of Extracellular Matrix (ECM) related pathways. (A) Heat map. Hierarchical clustering of 

genes generated using R. The heatmap genes are colored proportional to voom log2 expression values. The color blue represents low expression of 

the respective gene, while the color red represents high expression. Changes from blue to red among the cell lines represent a relative increased in 

expression. Changes from red to blue among the cell lines represent a relative decrease in expression. (B) Gene ontology analyses of KPC parental 

and Lcn2-KO clone 1, showing the pathways associated with the genes differentially expressed in a Lcn2-KO clone. (C) Biological processes 

associated with genes differentially expressed in a Lcn2-KO clone. (D) Molecular function associated with the genes differentially expressed in a 

Lcn2 KO. 
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Figure 7. Lcn2 depletion regulates expression of Extracellular Matrix (ECM) related pathways. GSEA 

analysis showing overrepresentation of (A) cell adhesion; (C) proteinaceous extracellular matrix, and (E) 

integrin pathway in mKPC Lcn2-KO clone 1 vs mKPC parental clone. (B) cell adhesion; (D) proteinaceous 

extracellular matrix, and (F) integrin pathway in mKPC Lcn2-KO clone 2 vs mKPC parental clone. 
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Supplementary File 1. Guide RNA pairs for ligation into PX459V2.0 and Genomic PCR oligonucleotides 

for CRISPR-derived biallelic Lcn2 deletion in KPC and list of TaqMan primers used in the qPCR 

expression measurements 

Guide RNA pairs for ligation into PX459V2.0

gRNA-1 CACCGCACAGGGTGAAATGCCCCG

gRNA-1R AAACCGGGGCATTTCACCCTGTGC

gRNA-2 CACCGATCCCGATGGCTAGAGCAG

gRNA-2R AAACCTGCTCTAGCCATCGGGATC

gRNA-3 CACCGTGGGATGCGCAGAGACCCAA

gRNA-3R AAACTTGGGTCTCTGCGCATCCCAC

Genomic PCR oligonucleotides:

external-1F GTCAAAGTGAGAAGGACACACAAGCCACAG

external-2R GTCTTCTACCCAAGTCACTTGAAAGC

external-3R GGTGTTAAGACAGGTGGATGGGGAGTGC

internal-1F GCAAAATATCTGAGGAGCAAAGGGCAGGTG 

internal-2R CATAGGCTGGAGTGTCCTTTGGACTAG

internal-3F GTTCTCCACGCCTTCAGGGTATCCTC

internal-4R CTGAAGCTGAGACTGGGGTGTAACCTG 

internal-4R CTGAAGCTGAGACTGGGGTGTAACCTG

internal-5F CTAGTCCAAAGGACACTCCAGCCTATG

internal-6R CAGGTTACACCCCAGTCTCAGCTTCAG

TaqMan List: 

Mouse 

FTH1 mm00850707_g1 FTH1

NDRG1 mm00440447_m1 Ndrg1

LCN2 mm01324472_g1 Lcn2

Human 

IL-6 Hs00913644_m1 IL6

IL1B Hs01555410_m1 IL1B

FTH1 Hs01694011_s1 FTH1

SLC22A17 Hs01033111_m1 SLC22A17

ZEB1 Hs01566408_m1 ZEB1 FAM

SNAI1 Hs00195591_m1 SNAI1

TWIST1 Hs01675818_s1 TWIST FAM

CDH1 Hs01023895_m1 CDH1

NDRG1 Hs00608387_m1 NDRG1

LCN2 Hs01008571_m1 LCN2


