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SUMMARY

Pancreatic ductal adenocarcinoma (PDAC) exhibits distinct molecular subtypes: classical/

progenitor and basal-like/squamous. Our study aimed to identify genes contributing to the 

development of the basal-like/squamous subtype, known for its aggressiveness. Transcriptome 

analyses revealed consistent upregulation of SERPINB3 in basal-like/squamous PDAC, correlating 

with reduced patient survival. SERPINB3 transgene expression in PDAC cells enhanced in vitro 
invasion and promoted lung metastasis in a mouse PDAC xenograft model. Metabolome analyses 
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unveiled a metabolic signature linked to both SERPINB3 and the basal-like/squamous subtype, 

characterized by heightened carnitine/acylcarnitine and amino acid metabolism, associated with 

poor prognosis in patients with PDAC and elevated cellular invasiveness. Further analysis 

uncovered that SERPINB3 inhibited the cysteine protease calpain, a key enzyme in the 

MYC degradation pathway, and drove basal-like/squamous subtype and associated metabolic 

reprogramming through MYC activation. Our findings indicate that the SERPINB3-MYC axis 

induces the basal-like/squamous subtype, proposing SERPINB3 as a potential diagnostic and 

therapeutic target for this variant.

Graphical Abstract

In brief

Ohara et al. use a comprehensive transcriptome and metabolome analysis to show that the 

SERPINB3-MYC axis drives the aggressive basal-like/squamous molecular subtype in pancreatic 

ductal adenocarcinoma. This axis also promotes subtype-associated metabolic alterations, 

including heightened carnitine/acylcarnitine and amino acid metabolism, correlating with poorer 

patient prognosis.
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INTRODUCTION

Pancreatic cancer is a lethal cancer with a 5 year survival of only 12%.1 Pancreatic ductal 

adenocarcinoma (PDAC) is the most common histologic form and comprises more than 90% 

of all malignancies in the pancreas.2

Earlier studies identified several molecular subtypes of PDAC with differences in biological 

features and patient survival.3–5 Moffitt et al. proposed that PDAC can be separated into two 

subtypes: the basal-like and the classical subtype.4 The basal-like subtype has characteristics 

similar to those of basal tumors in breast and bladder cancer. They also classified the stroma 

into normal and activated. In contrast, Bailey et al. argued that PDAC can be classified into 

four subtypes: squamous, immunogenic, pancreatic progenitor, and aberrantly differentiated 

endocrine exocrine.3 The squamous subtype was associated with the most aggressive 

disease and exhibited distinct features, including metabolic reprogramming, activated MYC 

pathways, squamous differentiation, inflammation, and hypoxia.3 Recently, a comprehensive 

molecular subtype analysis classified PDAC into two subtypes: classical/progenitor and 

basal-like/squamous.6 The classical/progenitor subtype possesses an endodermal-pancreatic 

characteristic, while the basal-like/squamous subtype has lost this identity.7

Metabolic reprogramming is reported as one of the hallmarks of cancer.8 Previous 

studies have described metabolic adaptations in PDAC as one of the key events in 

growth and progression.8,9 Cancer cells increase aerobic glycolysis, amino acid and 

lipid synthesis, and macromolecule synthesis to fulfill the high demand of energy and 

regulate oxidative stress.8–11 In terms of metabolic adaptations, PDAC subtypes may have 

distinct metabolic profiles.12–16 The classical/progenitor subtype relies on lipid metabolism/

fatty acid oxidation for its metabolic needs, whereas the basal-like/squamous subtype is 

more dependent on glycolysis.12–16 Yet, the relationship between the metabolic and the 

gene expression profiles has not been well elucidated for PDAC. Most of the previous 

studies were based on cell lines or a small number of PDAC patient samples. Using 

a large PDAC patient cohort and human PDAC cell lines, we hypothesized that an 

integrative transcriptome and metabolome approach may identify potential contributors to 

the development of the aggressive basal-like/squamous subtype.

To test this hypothesis, we initially analyzed two large datasets (GSE369243 and 

GSE717294) to filter the genes commonly associated with the basal-like/squamous subtype 

in both datasets. Subsequently, we validated these candidate genes in our NCI-UMD-

German cohort for their association with patient survival. Furthermore, these genes were 

examined for their expression levels in tumors and the adjacent nontumor pancreas in 

our NCI-UMD-German cohort. This integrated analysis resulted in the identification of 

serine/cysteine protease inhibitor family B member 3 (SERPINB3; also known as squamous 

cell carcinoma antigen 1, SCCA1) as a top candidate gene associated with poor patient 

survival in the basal-like/squamous subtype. Hence, we selected it for further investigation 

of its functional role in disease progression and confirmed its involvement in the basal-like/

squamous differentiation of PDAC.
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RESULTS

SERPINB3 is upregulated in the basal-like/squamous subtype of PDAC and associates 
with poor survival

Our study aimed to identify candidate driver genes involved in the development 

and progression of the basal-like/squamous subtype of PDAC. We initially analyzed 

transcriptome data from two PDAC cohorts (Bailey cohort3 and Moffitt cohort4) and 

identified 399 genes that were differentially expressed in the basal-like/squamous subtype 

compared with the classical/progenitor subtype (cutoffs: fold change > 1.5 or < −1.5, p < 

0.05), with 131 of the genes being upregulated in the basal-like/squamous subtype (Figure 

1A). The genes were then interrogated for their association with patient survival (thresholds: 

hazard ratio > 1.5 using Cox regression analysis, p < 0.05) in our NCI-UMD-German patient 

cohort,17 yielding a narrowed list of 47 genes (Table S1). Among them, SERPINB3 was 

ranked one of the top and robustly upregulated genes in the basal-like/squamous subtype 

(Table S1). SERPINB3 is also known as squamous cell carcinoma antigen,18 associates 

with hypoxia,19,20 and promotes MYC activation,21,22 cancer stemness,23,24 metabolic 

reprogramming,19 and inflammation.25–27 These functions overlap with the characteristics 

of the basal-like/squamous subtype3; thus, we chose SERPINB3 for further investigation. 

SERPINB3 transcript levels were upregulated in tumor tissues compared with nontumor 

tissues, and the upregulation of SERPINB3 in PDAC was associated with decreased patient 

survival in both the NCI-UMD-German cohort and a validation cohort (Moffitt cohort4) 

(Figures 1B and 1C). Notably, SERPINB3 transcripts were undetectable in about one-third 

(31/92) of the nontumor samples but measurable in 97% (123/127) of our NCI-UMD-

German cohort patient tumors using quantitative real-time PCR assay (qPCR) (Figure 1B). 

Furthermore, SERPINB3 protein was detected in both the nucleus and the cytoplasm of 

tumor cells by immunohistochemistry (IHC) (Figure 1D). In addition, SERPINB3 protein 

upregulation in tumors also associated with a decreased survival in our NCI-UMD-German 

patient cohort (Figure 1D; Table S2), consistent with the aforementioned association of 

upregulated SERPINB3 transcript expression with decreased patient survival. These findings 

support the hypothesis that SERPINB3 is an oncogene whose expression promotes the 

aggressive basal-like/squamous subtype of PDAC, leading to decreased survival of patients 

with tumors exhibiting high SERPINB3 expression.

Upregulation of SERPINB3 induces characteristics of the basal-like/squamous subtype of 
PDAC and promotes metastasis in an orthotopic mouse model

Next, we investigated whether SERPINB3 expression promotes basal-like/squamous subtype 

characteristics with enhanced disease aggressiveness. Previously described gene signatures 

for PDAC molecular subtypes4 separated 175 patients of our NCI-UMD-German cohort into 

unclassified, basal-like/squamous, and classical/progenitor subtypes (Figure 2A). Tumors 

defined as the basal-like/squamous subtype showed upregulation of SERPINB3 mRNA 

expression and were associated with worse patient survival (Figure 2A). In the pathway 

enrichment analysis using the Ingenuity pathway analysis (IPA) in the NCI-UMD-German 

cohort, both the SERPINB3-high and basal-like/squamous PDAC tumors showed similar 

pathway enrichment patterns, including enrichment of cellular movement (Figures 2B and 

2C). Additional gene set enrichment analysis (GSEA) revealed the significant upregulation 
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of 374 MYC signature genes,28,29 defined by their MYC binding sites, and a basal-like gene 

expression profile30 derived from human breast tumors, in the transcriptome of SERPINB3-

high and basal-like/squamous PDAC tumors (see enrichment plots in Figures 2B and 2C).

To follow up on our observations in patient tumors, we examined SERPINB3 expression 

levels in several human PDAC cell lines. Most of them expressed SERPINB3 at detectable 

levels (Figure S1A). AsPC-1, MIA PaCa-2, and Panc 10.05 cells were then selected to 

establish cell lines with SERPINB3 transgene overexpression. These cell lines are of the 

classical/progenitor PDAC subtype31 and can therefore be used to investigate the hypothesis 

that SERPINB3 overexpression induces the transition of the classical/progenitor subtype 

into the basal-like/squamous subtype. SERPINB3 overexpression was confirmed at the 

protein level in these cell lines (Figure S1B). Pathway enrichment analyses using IPA 

and GSEA indicated a coherent activation of the same pathways across these human 

PDAC cell lines with SERPINB3 transgene expression (Figures 2D and 2E), mirroring the 

findings from the SERPINB3-high and basal-like/squamous PDAC tumors. Because MYC 

protein is known to be rapidly degraded, previous studies investigated and showed that 

enhanced MYC signaling is reliably examined by assessing downstream gene expression, 

such as MYC binding site analysis through GSEA.28,29 Nevertheless, for SERPINB3-

overexpressing Panc 10.05 cells, we observed a persistent upregulation of MYC protein 

(Figure S1C). To elucidate SERPINB3 functions, additional in vitro experiments were 

performed using SERPINB3-overexpressing PDAC cells. SERPINB3 did not have obvious 

effects on proliferation (Figure S2A). In contrast, SERPINB3 overexpression significantly 

enhanced the invasive ability of PDAC cell lines and reduced the sensitivity to the standard-

of-care drug, gemcitabine (Figures 3A and S2B).

To further investigate the mechanistic and functional role of SERPINB3 in tumor 

progression, we utilized an orthotopic PDAC mouse model. The implantation of 

SERPINB3-overexpressing AsPC-1 cells in the pancreas of mice led to a significant 

enhancement in lung metastases (Figure 3B). However, upregulation of SERPINB3 did 

not alter primary tumor growth of AsPC-1 cells, as indicated by the comparable tumor 

weights in the SERPINB3-expressing and control cells (Figure 3C). Furthermore, RNA-

sequencing transcriptome and pathway analysis of the primary tumor xenografts revealed 

that upregulated SERPINB3 enhanced cellular movement and free radical scavenging 

(Figure 3D), which is consistent with our observations from patient tumors and cultured 

cells indicating an increased invasion ability (Figure 3A) and oxidative stress (Figure 

S2C) in the presence of upregulated SERPINB3. IPA for the xenograft stroma revealed 

the activation of pathways associated with HIF1α signaling, movement of tumor cells and 

endothelial cells, and angiogenesis (Figures 3E and 3F). Furthermore, IHC of the endothelial 

marker CD31 and the reactive oxygen species (ROS) marker 8-hydroxy-2′-deoxyguanosine 

(8-OHdG) revealed that angiogenesis and oxidative stress are upregulated in the tumor 

xenografts of SERPINB3-overexpressing AsPC-1 in the orthotopic model (Figures 3G and 

3H). SERPINB3 expression in AsPC-1 cells was maintained in both the primary lesions 

and the lung metastases (Figure S2D). These findings reveal that SERPINB3 upregulation in 

PDAC enhances the tumor metastatic potential in vivo.
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SERPINB3-MYC signaling maintains the basal-like/squamous subtype in PDAC

To further explore the function of SERPINB3 and MYC signaling in the development 

and maintenance of the basal-like/squamous subtype in PDAC, we established SERPINB3-

knockout PDAC cell lines using CRISPR-Cas9 technology and cultured SERPINB3 
transgene-expressing PDAC cells in the presence of a MYC inhibitor (10058-F4). BxPC-3 

and CFPAC-1 cell lines, which naturally express relatively high levels of SERPINB3 (Figure 

S1A) and represent basal-like/squamous PDAC,31 were selected to establish SERPINB3-

knockout cell lines. The Panc 10.05 cell line, representing the classical/progenitor subtype,31 

was also selected. Successful SERPINB3 editing was confirmed at the mRNA, protein, 

and DNA levels within these cell lines (Figures S3A–S3E). When studying the effects of 

SERPINB3 knockout and MYC inhibition, we noted that similar pathways were affected, 

with an enrichment of cellular movement and an abrogation of the basal-like/squamous gene 

expression profile,30 as indicated by IPA and GSEA (Figures 4A–4D). These findings are 

confirmatory of the observations made in SERPINB3-transgene-expressing PDAC cells, as 

well as SERPINB3-high and basal-like/squamous PDAC tumors (Figure 2), by showing 

that SERPINB3 knockout and MYC signaling inhibition have the opposite effects. In a 

cell-culture-based assay, SERPINB3 knockout yielded a significant inhibition of the invasive 

ability of PDAC cell lines (Figure 4E).

Previous reports proposed that SERPINB3 increases MYC signaling,21,24,25 yet the 

underlying mechanism remains elusive. MYC degradation is predominantly governed 

by two established pathways: calpain-dependent cleavage and proteasomal degradation.32 

Given that SERPINB3 functions as a serine/cysteine protease inhibitor,18 and calpain is 

a cysteine protease,33 we explored whether SERPINB3 inhibits calpain, thereby curbing 

MYC protein degradation (Figure 4F). To pursue this hypothesis, we examined the 

impact of SERPINB3 on calpain activity. Evidently, SERPINB3 overexpression diminished 

calpain activity, while its knockout heightened the activity in PDAC cells (Figure 4G). 

These findings collectively suggest that SERPINB3 contributes to the maintenance of basal-

like/squamous differentiation in PDAC by stabilizing the MYC protein through calpain 

inhibition.

Upregulation of acylcarnitine/carnitine and amino acid metabolism in SERPINB3-high and 
basal-like/squamous PDAC

We next explored how SERPINB3 may influence the metabolism of PDAC by metabolic 

profiling of tumors from 88 patients in our NCI-UMD-German cohort (Table S3). Thirty-

two metabolites were significantly increased and 3 were decreased in SERPINB3-high 

tumors, compared with SERPINB3-low tumors (Figure 5A; Table S4). Furthermore, 15 

metabolites were significantly increased and 2 were decreased in the basal-like/squamous 

subtype compared with the classical/progenitor subtype (Figure 5B; Table S4). Among the 

32 upregulated metabolites in SERPINB3-high tumors and the 15 upregulated metabolites in 

tumors of the basal-like/squamous subtype, 11 metabolites were common in both groups 

and included carnitine (a branched non-essential amino acid)/acylcarnitines (carnitine 

derivatives), amino acids, and carbohydrates (Figures 5A–5D). Moreover, the upregulation 

of several acylcarnitines was further associated with decreased patient survival (Figure 

5C). In contrast, the unclassified subtype displayed significant upregulation of metabolites 
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related to lipid metabolism (Figure 5B; Table S4), which were distinct from the significantly 

different metabolites in SERPINB3-high tumors.

To continue our investigations into the role of the metabolites that are involved in the 

SERPINB3 and basal-like/squamous subtype, we performed a global metabolome analysis 

of 116 cancer-related metabolites with absolute quantitation. In SERPINB3-overexpressing 

Panc 10.05 cells, 43 metabolites were increased compared with control cells (Figure 

6A; Table S5), notably encompassing amino acids (Figure 6B). Pathway enrichment 

analysis using MetaboAnalyst 5.0 (https://www.metaboanalyst.ca) with 43 input metabolites 

indicated the upregulation of carnitine and amino acid metabolism and the Warburg effect 

in SERPINB3-overexpressing Panc 10.05 cells (Figure 6C; Table S5). Upstream regulator 

analysis utilizing the 43 metabolites as input for IPA predicted the activation of MYC 

signaling by SERPINB3 as a mechanism underlying these changes in metabolism (Figure 

6D; Table S6), further corroborating our observations. Notably, MYC signaling emerged 

as the sole regulator of SERPINB3 involved in basal-like/squamous PDAC differentiation 

(Figure 2) and the associated metabolic alterations (Figure 6). These findings were largely 

replicated in SERPINB3-overexpressing AsPC-1 and MIAPaCa-2 cells (Figure S4; Tables 

S5 and S6). The findings from our gain-of-function experiments were validated using 

SERPINB3-knockout cell lines, showing opposite effects of SERPINB3 knockout on 

metabolism compared with gain of function (Figures 6E–6H and S5; Tables S5 and S6). 

Collectively, these results underscore the role of the SERPINB3-MYC axis in sustaining the 

metabolic characteristics of basal-like/squamous PDAC.

SERPINB3-associated metabolism enhances disease progression in PDAC

Based on the metabolomic profiles of patient tumors and PDAC cells, we focused 

on carnitine/acylcarnitines and amino acids for further functional investigations. We 

hypothesized that the sum of carnitine and acylcarnitines in the dataset (total carnitine) may 

reflect the function of carnitine/acylcarnitines more comprehensively than each carnitine 

or acylcarnitine alone. With this approach, we found that total carnitine was significantly 

increased in SERPINB3-high tumors and the basal-like/squamous subtype (Figures 7A 

and 7B). Moreover, higher levels of total carnitine were associated with decreased 

patient survival (Figure 7C). Exposing PDAC cells to L-carnitine showed that it did not 

have any effect on proliferation; however, L-carnitine resulted in enhanced invasiveness 

(Figures 7D and 7E), further supporting our observation that SERPINB3 may enhance 

the metastatic process more so than the growth of primary PDAC tumors. L-carnitine 

treatment of PDAC cells resulted in increased mitochondrial membrane potential (Figure 

7F), which is consistent with previous observations.34 This effect could potentially be 

attributed to L-carnitine’s role as a redox system and radical scavenger35 in countering 

the heightened levels of ROS in SERPINB3-expressing PDAC cells, as illustrated in 

Figure S2. Accordingly, SERPINB3-overexpressing PDAC cells also exhibited an elevated 

mitochondrial membrane potential (Figure S6A). Previous studies showed that carnitine 

exerts a protective role in cells by averting the buildup of fatty acyl-CoA, a potential 

source of free radicals and cellular toxicity.35 This protection is achieved through the 

conversion of fatty acyl-CoA into acylcarnitines.35 To explore the potential of L-carnitine in 

functioning as a redox system to counteract ROS, we conducted an experiment involving 
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the supplementation of the medium with palmitic acid and L-carnitine. The exposure 

to palmitic acid led to elevated mitochondrial ROS levels, which were subsequently 

mitigated by the presence of L-carnitine (Figure S6B). Moreover, proline/hydroxyproline 

was distinctively increased in SERPINB3-high PDAC tumors, the basal-like/squamous 

subtype, and SERPINB3-overexpressing PDAC cells (Figures 5D and S6C); therefore, we 

examined if hydroxyproline may alter the phenotype of PDAC cells. Hydroxyproline did 

not show any effect on proliferation of PDAC cell lines; however, it increased invasiveness 

(Figures S6D and S6E).

Having made these observations, we continued to study why carnitine/acylcarnitines might 

be upregulated in basal-like/squamous PDAC and conducted a comprehensive analysis 

of genes implicated in L-carnitine synthesis,36 specifically TMLHE, SHMT1, SHMT2, 
ALDH9A1, and BBOX1 (Figure 7G), within both our NCI-UMD-German cohort and the 

PDAC cell lines. Among them (Figures 7 and S7), BBOX1 was consistently upregulated 

in SERPINB3-high PDAC (Figure 7H) and the basal-like/squamous subtype (Figure 7I) in 

our NCI-UMD-German cohort. Among the PDAC cell lines that we investigated, BxPC-3, 

which exhibited the highest endogenous SERPINB3 expression (Figure S1A) and is the 

foremost representative of the basal-like/squamous PDAC subtype,31 was the only cell line 

with endogenous BBOX1 expression (Figure 7J). An induction of BBOX1 via SERPINB3 

upregulation was observed in the Panc 10.05 cells (Figure 7K). In contrast, BBOX1 

expression was downregulated in BxPC-3 through SERPINB3 knockout or treatment with a 

MYC inhibitor (10058-F4) at both mRNA and protein levels (Figures 7L–7N), confirming 

BBOX1 as a target gene of MYC. Our findings indicate that the elevated carnitine synthesis 

in the presence of SERPINB3 may occur because of Myc-induced BBOX1 upregulation and 

could be further enhanced by an augmented amino acid synthesis, because L-carnitine is 

derived from lysine and methionine.

DISCUSSION

Recently, a comprehensive investigation of PDAC proposed its classification into two 

molecular subtypes: classical/progenitor and basal-like/squamous.6 However, neither this 

study nor others fully elucidated the key genes promoting subtype differentiation or 

the metabolism associated with these subtypes. In the present study, we report that 

SERPINB3 is upregulated in the basal-like/squamous PDAC subtype and associated with 

decreased patient survival. In a PDAC preclinical model, SERPINB3 increased metastasis. 

Molecular analysis of primary tumor xenografts showed upregulation of pathways related 

to angiogenesis, oxidative stress, and metastasis. Metabolome analyses identified a specific 

metabolic signature closely tied to both SERPINB3 and the basal-like/squamous subtype, 

including an upregulation of carnitine and amino acid metabolism and the Warburg 

effect. Further analysis revealed that SERPINB3 induces the basal-like/squamous subtype 

and associated metabolic reprogramming through MYC activation. Taken together, these 

findings suggest that SERPINB3 contributes to the maintenance of the basal-like/squamous 

PDAC subtype.

Serine protease inhibitors (serpins) constitute one of the largest superfamilies of 

protease inhibitors, playing critical roles in the regulation of key pathways, including 
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coagulation and inflammation. Although the majority of serpins function as serine protease 

inhibitors, some also inhibit caspases37 and papain-like cysteine proteases, including 

cathepsin L, S, and K, and papain.38,39 SERPINB3, also known as SCCA1, was 

initially described as a tumor-specific antigen in squamous cell carcinoma of the uterine 

cervix.40 SERPINB3 was later found to be upregulated in squamous cell carcinoma of 

various organs,18,39 as well as in other cancers, including hepatocellular carcinoma,25 

cholangiocarcinoma,23 PDAC,27 glioblastoma,24 and breast cancer.26 In cancer, SERPINB3 

has various functions, including inhibition of radiation- or anti-cancer-drug-induced 

apoptosis, protein degradation, and intratumor infiltration of natural killer cells18,25,39 and 

promotion of metabolic reprogramming, angiogenesis, epithelial-mesenchymal transition, 

and secretion of inflammatory mediators.19,23–27 SERPINB3 also upregulates MYC,21,22 

thereby contributing to the maintenance of cancer stemness.23,24 In line with these 

discoveries, our study revealed that SERPINB3 modulates metabolism and maintains the 

basal-like/squamous PDAC subtype by activating the MYC signaling pathway through 

calpain inhibition. In the orthotopic mouse model of PDAC, SEPRINB3 led to the activation 

of stroma with upregulation of angiogenesis and tumor microenvironmental pathways. Thus, 

SERPINB3 may play a role not only in the development and maintenance of the basal-

like/squamous subtype in PDAC but also in inducing an “activated” stroma, as described 

previously.4

Cancer cells increase aerobic glycolysis, amino acid and lipid synthesis, and macromolecule 

synthesis using the upregulation of the pentose phosphate pathway.10,11 Genetic alterations 

are one of the drivers of such metabolic adaptations and may include amplification of the 

MYC locus. These adaptations result in appropriate maintenance of redox homeostasis, ATP 

generation, and promotion of their survival. MYC plays a central role in the activation 

of glycolysis and amino acid metabolism.11 MYC activates the transcription of glycolytic 

genes. MYC also increases the availability of essential amino acids through induction of 

amino acid transporters, such as SLC1A5, SLC7A5, and SLC43A1. The upregulation of 

tryptophan uptake leads to an increase in the activity of the kynurenine pathway. For the 

metabolism of non-essential amino acids, including glutamine, proline, serine, and glycine, 

MYC promotes biosynthesis/transport by upregulating the synthetic enzymes/transporters. 

Our findings revealed that heightened SERPINB3 expression in PDAC leads to a marked 

upregulation in the metabolism of both essential and non-essential amino acids, as well 

as the metabolites associated with the Warburg effect. Consistently, similar association 

of metabolic adaptation was found in patient tumors of the basal-like/squamous subtype. 

Conversely, the knockout of SERPINB3 resulted in a downregulation of these metabolites.

Furthermore, upstream regulator analysis predicted MYC signaling as a potential 

mechanism leading to these metabolic alterations. MYC may upregulate carnitine 

metabolism.11,41–43 Notably, MYC was found to upregulate carnitine uptake in triple-

negative breast cancer,41 a representative type of basal-like breast cancer. In agreement with 

this finding and the candidate role of MYC as a regulator, downstream of SERPINB3, we 

observed the coherent upregulation of carnitine/acylcarnitine metabolism in the basal-like/

squamous subtype of PDAC or when SERPINB3 was upregulated. Carnitine metabolism 

was downregulated in SERPINB3-knockout PDAC cells. Thus, upregulation of the carnitine/
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acylcarnitine metabolism pathway might be one of the features of basal-like subtype tumors 

across the cancer spectrum.

Carnitine, a branched non-essential amino acid, is derived from two amino acids, lysine 

and methionine.43–45 We showed that BBOX1, a carnitine-synthesis gene, is the target of 

the SERPINB3-MYC axis in PDAC. Intriguingly, BBOX1’s upregulation is not limited to 

PDAC but extends to triple-negative breast cancer,46,47 a disease that is also known to be 

intricately linked to MYC activation. This convergence underscores the broader implications 

of this pathway. The increase in carnitine/acylcarnitine levels observed in SERPINB3-high 

PDAC and the basal-like/squamous subtype may stem from the concurrent elevation in 

amino acid metabolism and the heightened expression of BBOX1. L-carnitine plays a 

crucial role in facilitating the import of fatty acids into mitochondria, enabling subsequent 

fatty acid oxidation.43–45 Previous studies reported a protective function of L-carnitine 

within cells, effectively preventing the accumulation of acyl-CoA, a by-product of fatty 

acids that could potentially generate free radicals and cellular toxicity.35 This safeguarding 

is accomplished by converting acyl-CoA into acylcarnitine derivatives.35 As a result, the 

intrinsic pool of carnitine encompasses not only L-carnitine but also an array of diverse 

acylcarnitines. Several studies showed that carnitine increases mitochondrial membrane 

potential34 and resistance against oxidative stress.48,49 In addition, carnitine serves as a 

mediator for expelling surplus carbon residues—specifically acetyl-CoA—by transforming 

them into acylcarnitines, a process that facilitates both glucose utilization and metabolic 

adaptability.44,50 This versatility extends further to the metabolism of branched-chain amino 

acids, showcasing the multifaceted involvement of acylcarnitines in cellular processes.45 

Our study unveiled that SERPINB3-high PDAC and the basal-like/squamous subtype do not 

exhibit the upregulation of lipogenesis/fatty acid oxidation. Instead, carnitine emerges as a 

pivotal redox system against fatty acids. Although the upregulation of carnitine/acylcarnitine 

metabolism in cancer has previously been documented, together with a role for carnitine/

acylcarnitine metabolism in cancer progression,43–45,49,51 to our knowledge our study is the 

first to show its potential role in PDAC.

This study has the potential to advance the diagnostic process for the molecular subtype of 

PDAC by identifying a key driver of basal-like/squamous PDAC. While molecular subtyping 

has been extensively studied and proven clinically valuable in breast cancer,52 the situation 

is different for PDAC. Breast cancer is generally classified into four distinct molecular 

subtypes by testing the expression of several proteins by IHC, which can help guide 

appropriate therapeutic interventions. In contrast, molecular subtyping is still in the research 

phase in PDAC, primarily relying on whole-exome sequencing. However, our study revealed 

that SERPINB3 could induce both gene and metabolic profiles of the basal-like/squamous 

subtype. By testing the expression of several genes or proteins, including SERPINB3, 

through techniques such as IHC or qPCR, it may be possible to diagnose molecular subtypes 

of PDAC in a cost-effective manner suitable for clinical applications.

In summary, we provide evidence that SERPINB3-MYC signaling promotes basal-like/

squamous differentiation and associated metabolic reprogramming. The observations argue 

that SERPINB3 is a candidate diagnostic and therapeutic target for PDAC.
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Limitations of the study

A limitation of our study pertains to the difficulty of showing the correlation between 

SERPINB3 expression and metastatic PDAC in the patient cohorts. This discrepancy with 

our animal model findings arises from diverse factors, including the differing temporal 

dynamics of tumor development, detection, and diagnosis in controlled mouse models and 

complex clinical scenarios. Additional limitations arise from the observational nature of our 

patient data, although our experiments have provided valuable insights into the SERPINB3-

MYC axis. It is important to note that our findings might not fully capture the complexity 

of interactions within the context of PDAC patients, as the tumor microenvironment may 

influence PDAC metabolism.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Yuuki Ohara 

(yuuki.oohara.1196@gmail.com).

Materials availability—All plasmids generated in this study are available from the lead 

contact with a completed transfer agreement.

Data and code availability

• The raw RNA sequencing data are publicly available at 

the NCBI’s Gene Expression Omnibus (GEO) database under 

accession number (GSE223909) [https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE223909]. This SuperSeries is composed of the following 

SubSeries GSE224564; GSE223908; GSE223536. The raw metabolome data 

in PDAC cells have been deposited at OSF and are publicly available at [https://

osf.io/3jyut/?view_only=fed315a5a79f4cc283790eefc73fca3f].

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture condition—We purchased human PDAC cell lines from 

American Type Culture Collection (ATCC), Rockville, Maryland. Cell lines were 

authenticated by short tandem repeat (STR) analysis at ATCC, per request, and were 

mycoplasma-free. CFPAC-1 and Capan-1 cell lines were grown in IMDM with 10% FBS, 

and 1% penicillin–streptomycin. Capan-2 cell line was grown in McCoy’s 5A (Modified) 

medium with 10% FBS, and 1% penicillin–streptomycin. The remaining PDAC cell lines 

were cultured in RPMI 1640 medium with GlutaMax™, 10% FBS, and 1% penicillin–

streptomycin in a humidified incubator containing 5% CO2 at 37 °C. All reagents for cell 

culture were purchased from Thermo Fisher Scientific (Waltham, MA).
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Orthotopic injection of AsPC-1 cells into the pancreas of mice for tumor 
growth—Animal experiments and maintenance conformed to the guidelines of the Animal 

Care and Use Committee at NCI and the American Association of Laboratory Animal 

Care. Each experiment was approved by ACUC at NCI, Frederick, MD. NOD-SCID mice 

were purchased from Jackson Laboratory (Bar Harbor, ME). 5×105 of either SERPINB3-

overexpressing or control AsPC-1 cells were orthotopically transplanted in the pancreas of 

NOD-SCID mice (male, n = 5; female, n = 5 in each group). The mice were euthanized at 

5 weeks after transplantation. A complete necropsy was performed, and the primary tumors 

were harvested and weighed. Paraffin-embedded sections of the pancreas, liver, and lungs 

were prepared and evaluated for any pathological changes including metastasis.

METHOD DETAILS

Human samples—Pancreatic tumor tissues from resected PDAC patients were collected 

at the University of Maryland Medical System (UMMS) in Baltimore, MD, through an 

NCI-UMD resource contract and at the University Medical Center Göttingen, Germany. 

PDAC histopathology was determined by board-certified pathologists. The use of these 

clinical samples has been approved by the NCI-Office of the Human Subject Research 

Protection (OHSRP, Exempt#4678) at the NIH (Bethesda, MD).

Public datasets—Transcriptome datasets derived from the “Bailey” cohort (GSE36924)3, 

the “Moffitt” cohort (GSE71729)4, and our NCI-UMD-German cohort (GSE183795)17 were 

used for identifying genes of origin for the basal-like/squamous subtype. We used the Partek 

Genomics Suite 7.0 (Partek Inc., Chesterfield, MO) for comparing the basal-like/squamous 

subtype with the classical/progenitor subtype and performing COX regression for survival 

analysis.

Gene expression analysis

RNA sequencing data from patient tumors, PDAC cell lines, and tumor xenografts: RNA-seq 

were performed and the RNA-seq data were respectively deposited in the NCBI’s GEO 

database under accession number GSE224564, GSE223908, and GSE223536. Ingenuity 

pathway analysis (IPA, QIAGEN, Venlo, Netherlands) and Gene Set Enrichment Analysis 

(GSEA) were used for the enrichment analysis.

1. RNA sequencing data from patient tumors: For bulk RNA sequencing on human 

PDAC patient samples, libraries were prepared by the Sequencing Facility 

at NCI-Leidos using the TruSeq Stranded mRNA Kit (Illumina, San Diego, 

CA) and sequenced paired-end on NovaSeq (Illumina) with 2 x 150 bp read 

lengths. About 51 to 122 million paired-end reads in total were generated with 

a base call quality of Q30 and above. The sequence reads in FASTQ format 

were aligned to the human reference genome hg38 using STAR and RSEM 

to obtain gene expression as transcript per million and FPKM mapped reads. 

Differential expression was performed using DESeq2.The RNA-seq data from 

patient tumors were deposited in the NCBI’s GEO database under accession 

number GSE224564.
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2. RNA sequencing data from PDAC cell lines: We performed quadruplicate RNA-

sequencing on human PDAC cell lines (AsPC-1 +/− SERPINB3; Panc 10.05 

+/− SERPINB3; BxPC-3 +/− SERPINB3 knockout; AsPC-1 SERPINB3 +/− 

a MYC inhibitor 100 μM; Panc 10.05 SERPINB3 +/− a MYC inhibitor 100 

μM). The MYC inhibitor 10058-F4 was purchased from MedChemExpress LLC 

(Monmouth Junction, NJ, HY-12702), and its corresponding solvent, dimethyl 

sulfoxide (DMSO), was used as the control. Cells were cultured with regular 

media for 72 hours before RNA extraction. For AsPC-1 +/− SERPINB3 and 

Panc 10.05 +/− SERPINB3, libraries were prepared using the TruSeq Stranded 

mRNA Kit (Illumina) and sequenced paired-end on NextSeq (Illumina) with 2 x 

150 bp read lengths. About 22 to 29 million paired-end reads were generated 

with a base call quality of Q30 and above. For BxPC-3 +/− SERPINB3 

knockout, AsPC-1 SERPINB3 +/− a MYC inhibitor, and Panc 10.05 SERPINB3 

+/− a MYC inhibitor, libraries were prepared using the TruSeq Stranded mRNA 

Kit (Illumina) and sequenced paired-end on NovaSeq 6000 S2 (Illumina) with 2 

x 150 bp read lengths. About 86 to 130 million paired-end reads were generated 

with a base call quality of Q30 and above. Data analysis was processed, as 

described in human PDAC patient samples. The RNA-seq data for human PDAC 

cell lines were deposited in the NCBI’s GEO database under accession number 

GSE223908.

3. RNA sequencing data from tumor xenografts: RNA sequencing on the pancreatic 

xenografts in the orthotopic mouse model using PDAC cells (AsPC-1 control; n 

= 6, AsPC-1 SERPINB3; n = 6) was also performed following isolation of RNA 

with the RNeasy Plus Mini Kit (QIAGEN, Venlo, Netherlands). Sequencing was 

performed on NovaSeq 6000 SP (Illumina) with 2 x 150 bp read lengths. About 

133 to 164 million paired-end reads in total were generated with a base call 

quality of Q30 and above. The sequence reads in FASTQ format were aligned 

to the human reference genome hg38 and the mouse reference genome mm10 

using STAR and RSEM to obtain gene expression as transcript per million and 

FPKM mapped reads. Differential expression was performed using DESeq2. The 

RNA-seq data for the xenografts were deposited in the NCBI’s GEO database 

under accession number GSE223536.

PDAC subtype assignment using the published “Moffitt” gene set—A list of 

signature genes was obtained as earlier described by Moffitt et al.4 We obtained the 

expression pattern of the signature genes from RNA sequencing and assigned those to each 

tumor as a score and performed hierarchical clustering with Euclidean distance and the 

ward D2 clustering algorithm. The approach split the tumors into 3 main subtypes that we 

manually curated as classical/progenitor, basal-like/squamous, and unclassified.

Metabolic profiling and data analysis of tumor samples from PDAC patients
—The metabolic profiling of our tumor samples from PDAC patients was conducted by 

Metabolon Inc. (Morrisville, NC) using a standard protocol.55–58 For the current study, three 

existing metabolome profiling datasets (n = 33, n = 31, and n = 33) were combined and 

235 common metabolites of known identity were analyzed. The merged data was normalized 
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by assigning the median of each compound level to equal to one for each dataset termed 

“block normalization”. We imputed missing data with the minimum observed value for each 

metabolite in each dataset and the combined dataset was log2-transformed. Only patient 

samples with RNA sequencing and follow up data were included in this study (n = 88). The 

dataset served for further analysis (Table S3).

Metabolome analysis of PDAC cell lines—Absolute concentration of 116 metabolites 

was examined in various cell lines using the metabolome analysis package “Carcinoscope” 

provided by Human Metabolome Technologies, Inc. (HMT) (Boston, MA). For metabolite 

extraction, cell extracts were obtained using the standard manufacturer’s protocol.59 PDAC 

cells were seeded on a 100 mm dish and incubated in a specific medium (IMDM 

for CFPAC-1 and RPMI 1640 medium with GlutaMax™ for the remaining cell lines), 

supplemented with 10% FBS and 1% penicillin–streptomycin for 72 hours in an incubator. 

The initial cell seeding numbers were as follows: AsPC-1 +/− SERPINB3 1 x 106 cells; 

Panc 10.05 +/− SERPINB3 1 x 106 cells; BxPC-3 +/− SERPINB3 knockout 1.5 x 106 cells; 

CFPAC-1 +/− SERPINB3 knockout 1.5 x 106 cells; Panc 10.05 +/− SERPINB3 knockout 

1.5 x 106 cells. After the removal of medium from a dish, 800 μl of methanol was added 

and incubated at room temperature for 30 sec. 550 μl of Internal Standard Solution were 

added and incubated at room temperature for 30 sec. One ml of the extracted solution was 

transferred to a 1.5 ml microtube and centrifuged at 4°C for 5 min (2300 x g). 350 μl of the 

supernatant was transferred into a centrifugal filter unit and centrifuged at 4°C for 5 hours 

(9100 x g). Filtered samples were stored at −80°C until shipping. Metabolome analysis was 

performed by HMT using capillary electrophoresis mass spectrometry (CE-MS). IPA and 

MetaboAnalyst 5.0 (https://www.metaboanalyst.ca)53 were used for the enrichment analysis.

Quantitative real-time PCR—The High-Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific, Waltham, MA) was used to create first-strand cDNA from 

total RNA. Quantitative real-time PCR (qPCR) assays were performed on the CFX384 

Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc. Hercules, CA) 

using Taqman probes (Thermo Fisher Scientific): SERPINB3 (Hs00199468_m1), TMLHE 
(Hs00379459_m1), SHMT1 (Hs00541043_g1), SHMT2 (Hs01059263_g1), ALDH9A1 
(Hs00997881_m1), BBOX1 (Hs00187779_m1), and GAPDH (Hs99999905_m1).

SERPINB3 overexpression after lentiviral infection—The SERPINB3 construct 

(EX-F0390-Lv103) and the corresponding empty vector control (EX-NEG-Lv103) were 

purchased from Genecopoeia (Rockville, MD). To obtain stable cell lines overexpressing 

SERPINB3, PDAC cells (AsPC-1, MIA PaCa-2, and Panc 10.05) were infected with 

lentiviral particles produced by transfecting 293T cells using the lentiviral expression 

vectors and the Lenti-Pac™ HIV Expression Packaging system from Genecopoeia. The 

PDAC cells were selected with puromycin (4 μg/ml) to obtain stable clones.

Generation of SERPINB3-knockout PDAC cells—CRISPR/Cas9 constructs targeting 

SERPINB3 for knockout were generated by designing guide RNAs through sgRNA 

scorer 2.0.60 These guide RNAs were synthesized via in vitro transcription and then 

complexed with Cas9 protein. The activity of the guide RNAs was assessed in 293T 
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cells using established methods,61 followed by high-throughput Illumina sequencing 

(Illumina MiSeq). A prominent candidate from this evaluation, the guide RNA 

sequence IVT-2407 (GAACAGGTCGAACATGAACTTGG), was selected for subsequent 

experiments. Oligonucleotides corresponding to IVT-2407 were annealed, phosphorylated, 

and ligated into pGMC00009 (Addgene, Watertown, MA, 195294) using T4 ligase. DH5α 
Competent Cells for Subcloning (Thermo Fisher Scientific) and the QIAfilter Plasmid Midi 

Kit (QIAGEN) were used for the cloning and purification of plasmids (plasmid names: 

pMC0235, non-targeting control; pMC0224, SERPINB3 knockout). Lentiviral particles 

were produced by transfecting 293 T cells using the plasmid and the Lenti-Pac™ HIV 

Expression Packaging system (Genecopoeia). Lentivirus was subsequently used to infect 

BxPC-3, CFPAC-1, and Panc 10.05 parent cell lines. Single-cell sorting of these cells was 

accomplished through the BD FACSAria IIu cell sorter (Becton, Dickinson and Company, 

San Jose, CA), followed by establishing single-cell clones that were puromycin-selected 

(4 μg/ml). Verification of SERPINB3 knockout was carried out using qPCR, western blot 

analysis, and genomic sequencing as elaborated below.

To assess editing in PDAC cell line clones, genomic DNA was extracted using DNeasy 

Blood & Tissue Kit (QIAGEN), and a 10 μL PCR reaction was performed using Primestar 

Max Polymerase (Takara Bio, Shiga, Japan, R045B) with 20 ng genomic DNA as template. 

The PCR product was purified using magnetic beads, and a barcoding PCR reaction 

was performed using the same polymerase. Sequencing was carried out on the Illumina 

MiSeq Nano kit (2 x 150 format). Data analysis was conducted using an in-house 

pipeline (https://github.com/rajchari2/ngs_amplicon_analysis)61, which was executed in the 

following sequence. Paired end reads were merged using FLASH62 and merged FASTQ 

files were mapped to the hg38 genome sequence. Sorted BAM files were analyzed for 

indels around the guide RNA target site and subsequently visualized using the Integrated 

Genomics Viewer (IGV).54 Further details on the used candidate guide RNA sequences and 

oligonucleotides are available in Table S7.

Cell proliferation assay—PDAC cells were seeded in a 96-well plate and the 

CCK-8/WST-8 assay was performed according to the manufacturer’s protocol (Dojindo 

Laboratories, Kumamoto, Japan), at 0, 24, 48, 72, and 96 hours after seeding. The 

absorbance was measured with SpectraMax® ABS Plus microplate reader (Molecular 

Devices, San Jose, CA). Gemcitabine was purchased from MilliporeSigma (Burlington, MA, 

G6423).

Cell invasion assay—24-well Falcon® Cell Culture Insert and Matrigel Matrix were 

purchased from Corning Inc. (Corning, NY). The membrane of the upper insert was coated 

by applying 100 μl of Matrigel matrix coating solution (Matrigel matrix: coating buffer = 

1:39) for 2 hours according to the manufacturer’s protocol. PDAC cells (AsPC-1 10x104 

cells; BxPC-3 3x104 cells; CFPAC-1 5x104 cells; Panc 10.05 10x104 cells) in 500 μl 

serum-free RPMI 1640 with GlutaMax™ were loaded into each upper insert, and 750 μl of 

RPMI 1640 with GlutaMax™ and 10% FBS were added to the lower chamber. We counted 

PDAC cells that passed through the cell culture insert membrane after 48 hours of incubation 

in a humidified incubator containing 5% CO2 at 37 °C. For fixation and staining of the cells, 
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100% methanol (Thermo Fisher Scientific) and Crystal violet solution (MilliporeSigma) 

were used. To examine the effect of L-carnitine and hydroxyproline, either 1 mM of 

L-carnitine or 0.5 mM of hydroxyproline (final conc.) was added into the lower chamber. 

L-carnitine (C0158) and hydroxyproline (H5534) were purchased from MilliporeSigma.

Measurement of mitochondria membrane potential and cytoplasmic ROS—
PDAC cells were seeded in a 60 mm dish at 1x106 cells with regular media and cultured 

for 48 hours. To examine the effects of L-carnitine, 1 mM L-carnitine (final conc.) was 

added to the culture media after PDAC cells were seeded. We used CellROX™ Deep Red 

Reagent (Thermo Fisher Scientific, C10422) for ROS measurement and MitoTracker™ Red 

FM (Thermo Fisher Scientific, M22425) for measurement of the mitochondrial membrane 

potential. In this process, PDAC cells were incubated with 5 μM of CellROX™ Deep Red 

or 100 nM of MitoTracker™ Red FM for 30 minutes at 37°C. After washing twice with 

PBS, we evaluated ROS or mitochondrial membrane potential using a SONY SA3800 flow 

cytometer (Sony Group Corporation, Tokyo, Japan). Data analysis was performed using 

FlowJo version 10.8.1 (Becton, Dickinson and Company, San Jose, NJ).

Measurement of mitochondrial ROS in PDAC cells—PDAC cells (AsPC-1 1x104 

cells; Panc 10.05 1x104 cells) were seeded in a 96-well black plate (Thermo Fisher 

Scientific) containing regular growth media, with or without the addition of 1 mM L-

carnitine, and incubated for 24 hours. Subsequently, palmitic acid was introduced into the 

wells and the cells were cultured for an additional 20 hours. Following this, the cells were 

exposed to 1 μM of MitoSOX™ Red (Thermo Fisher Scientific, M36008) for a duration 

of 10 minutes at 37°C. Fluorescence emission at 580 nm, with excitation at 510 nm, was 

measured using the EnSpire™ multimode plate reader (PerkinElmer, Waltham, MA).

For the preparation of conjugated palmitic acid-BSA complexes, we followed the established 

protocol,63 described in the following steps. A solution of 200 mM sodium palmitic acid 

in 95% ethanol was prepared by ensuring complete dissolution through vortexing. This 

solution was then diluted 25-fold in a 10% fatty acid-free BSA solution (MilliporeSigma), 

resulting in an 8 mM solution. The final molar ratio of palmitic acid to BSA was 5.3:1. 

Conjugation was carried out at a temperature of 40°C for a duration of 2 hours. The 

BSA-fatty acid conjugates were subsequently further diluted in cell culture media, resulting 

in a final palmitic acid concentration of 0.4 mM and 0.8 mM. Control BSA samples were 

generated by adding an equivalent volume of 95% ethanol to a 10% BSA solution. All 

prepared samples were aliquoted and promptly frozen at −20°C to maintain their integrity.

Calpain activity assay in PDAC cells—Calpain activity was assessed using the 

Calpain-Glo™ assay kit obtained from Promega (Madison, WI, G8502) in accordance with 

the manufacturer’s instructions and based on previous studies.64,65 PDAC cells (AsPC-1 

1x104 cells; BxPC-3 0.6x104 cells; Panc 10.05 2x104 cells) were seeded in a 96-well white 

plate (Thermo Fisher Scientific) with regular growth media and incubated for 24 hours. The 

Calpain-Glo reagent™ and Suc-LLVY-Glo™ substrate were mixed and incubated without 

Ca2+. Subsequently, the cell culture medium was aspirated, and 90 μl of the mixture was 

added to each well, followed by a 20-minute incubation at 37°C. For cell lysis, 10 μl 

of lysis buffer containing 9% Triton-X-100 and 1 mM of the calpain inhibitor Calpeptin 
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(MedChemExpress LLC, Monmouth Junction, NJ) was introduced to the wells to prevent 

further substrate cleavage by calpain. Luminescence, indicative of cellular calpain activity, 

was measured using the EnSpire™ multimode plate reader (PerkinElmer, Waltham, MA).

Immunohistochemistry—Four μm thick paraffin-embedded sections were prepared for 

immunohistochemistry (IHC). Antigen retrieval was performed by heating the sections 

with a microwave in Target Retrieval Solution, pH 9 (Agilent Technologies, Santa Clara, 

CA). The sections were incubated with primary antibodies overnight at 4°C. The following 

antibodies were used: SERPINB3 (Abcam, Cambridge, United Kingdom, ab154971; 

1:500), CD31 (Abcam, ab28364; 1:100), 8-hydroxy-2’-deoxyguanosine (8-OHdG) (Abcam, 

ab48508; 1:5000). Signals were amplified using the Dako EnVision+ System- HRP labeled 

polymer anti-mouse or rabbit antibody protocol. Color development was conducted with 

diaminobenzene (DAB, Agilent Technologies). For the human PDAC samples and the 

samples from the mouse PDAC xenograft model, the immunostaining of SERPINB3 was 

evaluated assigning the intensity and distribution scores.66,67 The intensity was assigned a 

score of 0–3, representing negative, weak, moderate, or strong expression and distribution 

was given a score of 0–4, with <10%, 10–30%, >30–50%, >50–80% or >80% cells 

showing SERPINB3 expression. Then the overall IHC score was obtained by multiplying 

the intensity and distribution scores. The density of microvessels in the orthotopic tumor 

xenografts was assessed using CD31 expression in endothelial cells. Oxidative stress was 

assessed by the percentage of 8-OHdG-positive tumor cells in the xenografts.

Immunoblotting—Cells were lysed with RIPA Lysis and Extraction Buffer 

(Thermo Fisher Scientific), supplemented with cOmplete™ Protease Inhibitor Cocktail 

(MilliporeSigma). Proteins were electrophoresed under reducing conditions on 4–15% 

polyacrylamide gels (Bio-Rad Laboratories, Inc., Hercules, CA) and then transferred onto 

a nitrocellulose membrane (Bio-Rad Laboratories, Inc.). This membrane was incubated for 

60 min with SuperBlock™ Blocking Buffer (Thermo Fisher Scientific) at room temperature. 

Incubation with primary antibody was carried out overnight at 4°C. The following primary 

antibodies were used: SERPINB3 (R & D Systems, Minneapolis, MN, MAB6528; 1:500), 

SERPINB3 (Thermo Fisher Scientific, PA5-30164; 1:2000), c-Myc (MilliporeSigma, 

M4439, 1:2000), BBOX1 (MilliporeSigma, WH0008424M1, 1:200), Cas9 (Cell Signaling 

Technology, Inc., Beverly, MA, 14697T, 1:1000), and β-Actin (MilliporeSigma, A5441, 

1:2000). The membrane was incubated with secondary ECL anti-rabbit or anti-mouse IgG 

HRP-linked antibody (GE Healthcare, Pittsburgh, PA) for 1 hour at room temperature. 

Protein was visualized using a SuperSignal™ West Dura Extended Duration Substrate 

(Thermo Fisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—We performed data analysis using GraphPad Prism 9 (GraphPad 

Software, La Jolla, CA, USA). For assessing overall survival in PDAC patients, the Kaplan–

Meier method and log-rank test were applied for significance testing. Differences among 

groups were assessed using unpaired two-tailed Student’s t-tests (for two groups) or 

ANOVA (for three or more groups). Results are presented as mean ± SD, and a p-value 

less than 0.05 was considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors would like to thank all the staff of the University of Maryland School of Medicine and NCI-University 
of Maryland study coordinators involved in the procurement of clinical biospecimens from pancreatic cancer 
patients. We would also like to thank the staff of the Department of General, Visceral, and Pediatric Surgery, 
University Medical Center Göttingen, Göttingen, Germany, for their help with clinical samples. We would also 
like to thank all the staff of the NCI-CCR Sequencing Facility Frederick, the NCI Laboratory Animal Sciences 
Program Frederick, and the CCR/LGI Flow Cytometry Core. We also thank Drs. Curtis C. Harris, Xin Wei Wang, 
Izumi Horikawa, Chenran Zhang, Ching-Wen Chang, and Man-Hsin Hung for helpful discussions. This work was 
supported by the Intramural Program of the Center for Cancer Research, NCI, and by federal funds from the NCI 
(contract no. HHSN261201500003I).

REFERENCES

1. Siegel RL, Miller KD, Wagle NS, and Jemal A (2023). Cancer statistics, 2023. CA. Cancer J. Clin 
73, 17–48. 10.3322/caac.21763. [PubMed: 36633525] 

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, and Bray F (2021). 
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 
36 Cancers in 185 Countries. CA. Cancer J. Clin 71, 209–249. 10.3322/caac.21660. [PubMed: 
33538338] 

3. Bailey P, Chang DK, Nones K, Johns AL, Patch A-M, Gingras MC, Miller DK, Christ AN, Bruxner 
TJC, Quinn MC, et al. (2016). Genomic analyses identify molecular subtypes of pancreatic cancer. 
Nature 531, 47–52. 10.1038/nature16965. [PubMed: 26909576] 

4. Moffitt RA, Marayati R, Flate EL, Volmar KE, Loeza SGH, Hoadley KA, Rashid NU, Williams 
LA, Eaton SC, Chung AH, et al. (2015). Virtual microdissection identifies distinct tumor- and 
stroma-specific subtypes of pancreatic ductal adenocarcinoma. Nat. Genet 47, 1168–1178. 10.1038/
ng.3398. [PubMed: 26343385] 

5. Collisson EA, Sadanandam A, Olson P, Gibb WJ, Truitt M, Gu S, Cooc J, Weinkle J, Kim GE, 
Jakkula L, et al. (2011). Subtypes of pancreatic ductal adenocarcinoma and their differing responses 
to therapy. Nat. Med 17, 500–503. 10.1038/nm.2344. [PubMed: 21460848] 

6. Cancer Genome Atlas Research Network. Electronic address: andrew_a-guirre@dfci.harvard.edu; 
Cancer Genome Atlas Research Network (2017). Integrated Genomic Characterization of Pancreatic 
Ductal Adenocarcinoma. Cancer Cell 32, 185–203.e13. 10.1016/j.ccell.2017.07.007. [PubMed: 
28810144] 

7. Collisson EA, Bailey P, Chang DK, and Biankin AV (2019). Molecular subtypes of pancreatic 
cancer. Nat. Rev. Gastroenterol. Hepatol 16, 207–220. 10.1038/s41575-019-0109-y. [PubMed: 
30718832] 

8. Encarnación-Rosado J, and Kimmelman AC (2021). Harnessing metabolic dependencies in 
pancreatic cancers. Nat. Rev. Gastroenterol. Hepatol 18, 482–492. 10.1038/s41575-021-00431-7. 
[PubMed: 33742165] 

9. Ohara Y, Valenzuela P, and Hussain SP (2022). The interactive role of inflammatory 
mediators and metabolic reprogramming in pancreatic cancer. Trends Cancer 8, 556–569. 10.1016/
j.trecan.2022.03.004. [PubMed: 35525794] 

10. Cairns RA, Harris IS, and Mak TW (2011). Regulation of cancer cell metabolism. Nat. Rev. 
Cancer 11, 85–95. 10.1038/nrc2981. [PubMed: 21258394] 

11. Dong Y, Tu R, Liu H, and Qing G (2020). Regulation of cancer cell metabolism: oncogenic MYC 
in the driver’s seat. Signal Transduct. Targeted Ther 5, 124. 10.1038/s41392-020-00235-2.

12. Daemen A, Peterson D, Sahu N, McCord R, Du X, Liu B, Kowanetz K, Hong R, Moffat J, Gao 
M, et al. (2015). Metabolite profiling stratifies pancreatic ductal adenocarcinomas into subtypes 
with distinct sensitivities to metabolic inhibitors. Proc. Natl. Acad. Sci. USA 112, E4410–E4417. 
10.1073/pnas.1501605112. [PubMed: 26216984] 

Ohara et al. Page 18

Cell Rep. Author manuscript; available in PMC 2024 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Brunton H, Caligiuri G, Cunningham R, Upstill-Goddard R, Bailey U-M, Garner IM, Nourse 
C, Dreyer S, Jones M, Moran-Jones K, et al. (2020). HNF4A and GATA6 Loss Reveals 
Therapeutically Actionable Subtypes in Pancreatic Cancer. Cell Rep.31, 107625. 10.1016/
j.celrep.2020.107625. [PubMed: 32402285] 

14. Espiau-Romera P, Courtois S, Parejo-Alonso B, and Sancho P (2020). Molecular and Metabolic 
Subtypes Correspondence for Pancreatic Ductal Adenocarcinoma Classification. J. Clin. Med 9, 
4128. 10.3390/jcm9124128. [PubMed: 33371431] 

15. Mehla K, and Singh PK (2020). Metabolic Subtyping for Novel Personalized Therapies 
Against Pancreatic Cancer. Clin. Cancer Res 26, 6–8. 10.1158/1078-0432.Ccr-19-2926. [PubMed: 
31628144] 

16. Irina H, Sinan K, Corinna M, Smiths SL, Alina MW, Sven TL, Laura G, Phyllis FYC, Konstatinos 
S, Geoffrey JT, et al. (2021). Functional metabolic phenotyping of human pancreatic ductal 
adenocarcinoma. Preprint at bioRxiv. 10.1101/2021.07.23.452145.

17. Yang S, Tang W, Azizian A, Gaedcke J, Ströbel P,Wang L, Cawley H, Ohara Y, Valenzuela P, 
Zhang L, et al. (2022). Dysregulation of HNF1B/Clusterin Axis Enhances Disease Progression in a 
Highly Aggressive Subset of Pancreatic Cancer Patients. Carcinogenesis 43, 1198–1210. 10.1093/
carcin/bgac092. [PubMed: 36426859] 

18. Vidalino L, Doria A, Quarta S, Zen M, Gatta A, and Pontisso P (2009). SERPINB3, apoptosis and 
autoimmunity. Autoimmun. Rev 9, 108–112. 10.1016/j.autrev.2009.03.011. [PubMed: 19332150] 

19. Cannito S, Foglia B, Villano G, Turato C, Delgado TC, Morello E, Pin F, Novo E, Napione L, 
Quarta S, et al. (2019). SerpinB3 Differently Up-Regulates Hypoxia Inducible Factors −1α and 
−2α in Hepatocellular Carcinoma: Mechanisms Revealing Novel Potential Therapeutic Targets. 
Cancers 11, 1933. [PubMed: 31817100] 

20. Cannito S, Turato C, Paternostro C, Biasiolo A, Colombatto S, Cambieri I, Quarta S, Novo E, 
Morello E, Villano G, et al. (2015). Hypoxia up-regulates SERPINB3 through HIF-2α in human 
liver cancer cells. Oncotarget 6, 2206–2221. 10.18632/oncotarget.2943. [PubMed: 25544768] 

21. Turato C, Buendia MA, Fabre M, Redon MJ, Branchereau S, Quarta S, Ruvoletto M, Perilongo G, 
Grotzer MA, Gatta A, and Pontisso P (2012). Over-expression of SERPINB3 in hepatoblastoma: 
A possible insight into the genesis of this tumour? Eur. J. Cancer 48, 1219–1226. 10.1016/
j.ejca.2011.06.004. [PubMed: 21737255] 

22. Turato C, Cannito S, Simonato D, Villano G, Morello E, Terrin L, Quarta S, Biasiolo A, Ruvoletto 
M, Martini A, et al. (2015). SerpinB3 and Yap Interplay Increases Myc Oncogenic Activity. Sci. 
Rep 5, 17701. 10.1038/srep17701. [PubMed: 26634820] 

23. Correnti M, Cappon A, Pastore M, Piombanti B, Lori G, Oliveira DVPN, Munoz-Garrido P, 
Lewinska M, Andersen JB, Coulouarn C, et al. (2022). The protease-inhibitor SerpinB3 as a 
critical modulator of the stem-like subset in human cholangiocarcinoma. Liver Int. 42, 233–248. 
10.1111/liv.15049. [PubMed: 34478594] 

24. Lauko A, Volovetz J, Turaga SM, Bayik D, Silver DJ, Mitchell K, Mulkearns-Hubert EE, Watson 
DC, Desai K, Midha M, et al. (2022). SerpinB3 drives cancer stem cell survival in glioblastoma. 
Cell Rep. 40, 111348. 10.1016/j.celrep.2022.111348. [PubMed: 36103817] 

25. Pontisso P (2014). Role of SERPINB3 in hepatocellular carcinoma. Ann. Hepatol 13, 722–727. 
[PubMed: 25332258] 

26. Sheshadri N, Catanzaro JM, Bott AJ, Sun Y, Ullman E, Chen EI, Pan J-A, Wu S, Crawford 
HC, Zhang J, and Zong W-X (2014). SCCA1/SERPINB3 Promotes Oncogenesis and Epithelial–
Mesenchymal Transition via the Unfolded Protein Response and IL6 Signaling. Cancer Res. 74, 
6318–6329. 10.1158/0008-5472.Can-14-0798. [PubMed: 25213322] 

27. Catanzaro JM, Sheshadri N, Pan J-A, Sun Y, Shi C, Li J, Powers RS, Crawford HC, and Zong W-X 
(2014). Oncogenic Ras induces inflammatory cytokine production by upregulating the squamous 
cell carcinoma antigens SerpinB3/B4. Nat. Commun 5, 3729. 10.1038/ncomms4729. [PubMed: 
24759783] 

28. Chandriani S, Frengen E, Cowling VH, Pendergrass SA, Perou CM, Whitfield ML, and Cole MD 
(2009). A core MYC gene expression signature is prominent in basal-like breast cancer but only 
partially overlaps the core serum response. PLoS One 4, e6693. 10.1371/journal.pone.0006693. 
[PubMed: 19690609] 

Ohara et al. Page 19

Cell Rep. Author manuscript; available in PMC 2024 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



29. Terunuma A, Putluri N, Mishra P, Mathé EA, Dorsey TH, Yi M, Wallace TA, Issaq HJ, Zhou 
M, Killian JK, et al. (2014). MYC-driven accumulation of 2-hydroxyglutarate is associated with 
breast cancer prognosis. J. Clin. Invest 124, 398–412. 10.1172/jci71180. [PubMed: 24316975] 

30. Smid M, Wang Y, Zhang Y, Sieuwerts AM, Yu J, Klijn JGM, Foekens JA, and Martens JWM 
(2008). Subtypes of Breast Cancer Show Preferential Site of Relapse. Cancer Res. 68, 3108–3114. 
10.1158/0008-5472.Can-07-5644. [PubMed: 18451135] 

31. Yu K, Chen B, Aran D, Charalel J, Yau C, Wolf DM,van ‘t Veer LJ, Butte AJ, Goldstein T, 
and Sirota M (2019). Comprehensive transcriptomic analysis of cell lines as models of primary 
tumors across 22 tumor types. Nat. Commun 10, 3574. 10.1038/s41467-019-11415-2. [PubMed: 
31395879] 

32. Farrell AS, and Sears RC (2014). MYC degradation. Cold Spring Harb. Perspect. Med 4, a014365. 
10.1101/cshperspect.a014365. [PubMed: 24591536] 

33. Siklos M, BenAissa M, and Thatcher GRJ (2015). Cysteine proteases as therapeutic targets: does 
selectivity matter? A systematic review of calpain and cathepsin inhibitors. Acta Pharm. Sin. B 5, 
506–519. 10.1016/j.apsb.2015.08.001. [PubMed: 26713267] 

34. Furuno T, Kanno T, Arita K, Asami M, Utsumi T, Doi Y, Inoue M, and Utsumi K (2001). Roles of 
long chain fatty acids and carnitine in mitochondrial membrane permeability transition. Biochem. 
Pharmacol 62, 1037–1046. 10.1016/s0006-2952(01)00745-6. [PubMed: 11597572] 

35. Ferrari R, Merli E, Cicchitelli G, Mele D, Fucili A, and Ceconi C (2004). Therapeutic Effects of 
l-Carnitine and Propionyl-l-carnitine on Cardiovascular Diseases: A Review. Ann. N. Y. Acad. Sci 
1033, 79–91. 10.1196/annals.1320.007. [PubMed: 15591005] 

36. Shekhawat PS, Sonne S, Carter AL, Matern D, and Ganapathy V (2013). Enzymes involved in 
L-carnitine biosynthesis are expressed by small intestinal enterocytes in mice: implications for gut 
health. J. Crohns Colitis 7, e197–e205. 10.1016/j.crohns.2012.08.011. [PubMed: 22999781] 

37. Ray CA, Black RA, Kronheim SR, Greenstreet TA, Sleath PR, Salvesen GS, and Pickup DJ 
(1992). Viral inhibition of inflammation: Cowpox virus encodes an inhibitor of the interleukin-1β 
converting enzyme. Cell 69, 597–604. 10.1016/0092-8674(92)90223-Y. [PubMed: 1339309] 

38. Schick C, Pemberton PA, Shi G-P, Kamachi Y, Çataltepe S, Bartuski AJ, Gornstein ER, Brömme 
D, Chapman HA, and Silverman GA (1998). Cross-Class Inhibition of the Cysteine Proteinases 
Cathepsins K, L, and S by the Serpin Squamous Cell Carcinoma Antigen 1: A Kinetic Analysis. 
Biochemistry 37, 5258–5266. 10.1021/bi972521d. [PubMed: 9548757] 

39. Sun Y, Sheshadri N, and Zong WX (2017). SERPINB3 and B4: From biochemistry to biology. 
Semin. Cell Dev. Biol 62, 170–177. 10.1016/j.semcdb.2016.09.005. [PubMed: 27637160] 

40. Kato H, and Torigoe T (1977). Radioimmunoassay for tumor antigen of human cervical 
squamous cell carcinoma. Cancer 40,1621–1628. 10.1002/1097-0142(197710)40:4<1621::AID-
CNCR2820400435>3.0.CO;2-I. [PubMed: 332328] 

41. Casciano JC, Perry C, Cohen-Nowak AJ, Miller KD, Vande Voorde J, Zhang Q, Chalmers S, 
Sandison ME, Liu Q, Hedley A, et al. (2020). MYC regulates fatty acid metabolism through 
a multigenic program in claudin-low triple negative breast cancer. Br. J. Cancer 122, 868–884. 
10.1038/s41416-019-0711-3. [PubMed: 31942031] 

42. Pacilli A, Calienni M, Margarucci S, D’Apolito M, Petillo O, Rocchi L, Pasquinelli G, Nicolai 
R, Koverech A, Calvani M, et al. (2013). Carnitine-Acyltransferase System Inhibition, Cancer 
Cell Death, and Prevention of Myc-Induced Lymphomagenesis. J. Natl. Cancer Inst 105, 489–498. 
10.1093/jnci/djt030. [PubMed: 23486551] 

43. Melone MAB, Valentino A, Margarucci S, Galderisi U, Giordano A, and Peluso G (2018). 
The carnitine system and cancer metabolic plasticity. Cell Death Dis. 9, 228. 10.1038/
s41419-018-0313-7. [PubMed: 29445084] 

44. McCann MR, George De la Rosa MV, Rosania GR, and Stringer KA (2021). L-Carnitine and 
Acylcarnitines: Mitochondrial Biomarkers for Precision Medicine. Metabolites 11, 51. 10.3390/
metabo11010051. [PubMed: 33466750] 

45. Li S, Gao D, and Jiang Y (2019). Function, Detection and Alteration of Acylcarnitine Metabolism 
in Hepatocellular Carcinoma. Metabolites 9, 36. 10.3390/metabo9020036. [PubMed: 30795537] 

Ohara et al. Page 20

Cell Rep. Author manuscript; available in PMC 2024 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



46. Liao C, Zhang Y, Fan C, Herring LE, Liu J, Locasale JW, Takada M, Zhou J, Zurlo G, Hu L, et al. 
(2020). Identification of BBOX1 as a Therapeutic Target in Triple-Negative Breast Cancer. Cancer 
Discov. 10, 1706–1721. 10.1158/2159-8290.Cd-20-0288. [PubMed: 32690540] 

47. Camarda R, Zhou AY, Kohnz RA, Balakrishnan S, Mahieu C, Anderton B, Eyob H, Kajimura 
S, Tward A, Krings G, et al. (2016). Inhibition of fatty acid oxidation as a therapy for MYC-
overexpressing triplenegative breast cancer. Nat. Med 22, 427–432. 10.1038/nm.4055. [PubMed: 
26950360] 

48. Li J-L, Wang Q-Y, Luan H-Y, Kang Z-C, and Wang C-B (2012). Effects of L-carnitine against 
oxidative stress in human hepatocytes: involvement of peroxisome proliferator-activated receptor 
alpha. J. Biomed. Sci 19, 32. 10.1186/1423-0127-19-32. [PubMed: 22435679] 

49. Fink MA, Paland H, Herzog S, Grube M, Vogelgesang S, Weitmann K, Bialke A, Hoffmann 
W, Rauch BH, Schroeder HWS, and Bien-Möller S (2019). L-Carnitine–Mediated Tumor Cell 
Protection and Poor Patient Survival Associated with OCTN2 Overexpression in Glioblastoma 
Multiforme. Clin. Cancer Res 25, 2874–2886. 10.1158/1078-0432.Ccr-18-2380. [PubMed: 
30670496] 

50. Muoio DM, Noland RC, Kovalik J-P, Seiler SE, Davies MN, De-Balsi KL, Ilkayeva OR, Stevens 
RD, Kheterpal I, Zhang J, et al. (2012). Muscle-Specific Deletion of Carnitine Acetyltransferase 
Compromises Glucose Tolerance and Metabolic Flexibility. Cell Metabol. 15, 764–777. 10.1016/
j.cmet.2012.04.005.

51. Altun ZS, Güneş D,Aktaş S, Erbayraktar Z, and Olgun N (2010). Protective Effects of Acetyl-l-
Carnitine on Cisplatin Cytotoxicity and Oxidative Stress in Neuroblastoma. Neurochem. Res 35, 
437–443. 10.1007/s11064-009-0076-8. [PubMed: 19851866] 

52. Prat A, Pineda E, Adamo B, Galván P, Fernández A, Gaba L, Díez M, Viladot M, Arance A, and 
Muñoz M (2015). Clinical implications of the intrinsic molecular subtypes of breast cancer. Breast 
24, S26–S35. 10.1016/j.breast.2015.07.008. [PubMed: 26253814] 

53. Pang Z, Chong J, Zhou G, de Lima Morais DA, Chang L, Barrette M, Gauthier C, Jacques P, Li 
S, and Xia J (2021). MetaboAnalyst 5.0: Narrowing the gap between raw spectra and functional 
insights. Nucleic Acids Res. 49, W388–W396. 10.1093/nar/gkab382. [PubMed: 34019663] 

54. Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, and Mesirov 
JP (2011). Integrative genomics viewer. Nat. Biotechnol 29, 24–26. 10.1038/nbt.1754. [PubMed: 
21221095] 

55. Evans AM, DeHaven CD, Barrett T, Mitchell M, and Milgram E (2009). Integrated, 
Nontargeted Ultrahigh Performance Liquid Chromatography/Electrospray Ionization Tandem 
Mass Spectrometry Platform for the Identification and Relative Quantification of the Small-
Molecule Complement of Biological Systems. Anal. Chem 81, 6656–6667. 10.1021/ac901536h. 
[PubMed: 19624122] 

56. Budhu A, Roessler S, Zhao X, Yu Z, Forgues M, Ji J, Karoly E, Qin LX, Ye QH, Jia HL, et al. 
(2013). Integrated Metabolite and Gene Expression Profiles Identify Lipid Biomarkers Associated 
With Progression of Hepatocellular Carcinoma and Patient Outcomes. Gastroenterology 144, 
1066–1075.e1. 10.1053/j.gastro.2013.01.054. [PubMed: 23376425] 

57. Zhang G, He P, Tan H, Budhu A, Gaedcke J, Ghadimi BM, Ried T, Yfantis HG, Lee DH, Maitra 
A, et al. (2013). Integration of metabolomics and transcriptomics revealed a fatty acid network 
exerting growth inhibitory effects in human pancreatic cancer. Clin. Cancer Res 19, 4983–4993. 
10.1158/1078-0432.Ccr-13-0209. [PubMed: 23918603] 

58. Wang L, Tang W, Yang S, He P, Wang J, Gaedcke J, Ströbel P, Azizian A, Ried T, Gaida MM, 
et al. (2020). NO•/RUNX3/kynurenine metabolic signaling enhances disease aggressiveness in 
pancreatic cancer. Int. J. Cancer 146, 3160–3169. 10.1002/ijc.32733. [PubMed: 31609478] 

59. Mishra P, Tang W, Putluri V, Dorsey TH, Jin F, Wang F, Zhu D, Amable L, Deng T, Zhang S, et 
al. (2018). ADHFE1 is a breast cancer oncogene and induces metabolic reprogramming. J. Clin. 
Invest 128, 323–340. 10.1172/jci93815. [PubMed: 29202474] 

60. Chari R, Yeo NC, Chavez A, and Church GM (2017). sgRNA Scorer 2.0: A Species-
Independent Model To Predict CRISPR/Cas9 Activity. ACS Synth. Biol 6, 902–904. 10.1021/
acssynbio.6b00343. [PubMed: 28146356] 

Ohara et al. Page 21

Cell Rep. Author manuscript; available in PMC 2024 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



61. Gooden AA, Evans CN, Sheets TP, Clapp ME, and Chari R (2021). dbGuide: a database of 
functionally validated guide RNAs for genome editing in human and mouse cells. Nucleic Acids 
Res. 49, D871–D876. 10.1093/nar/gkaa848. [PubMed: 33051688] 

62. Magoč T, and Salzberg SL (2011). FLASH: fast length adjustment of short reads to improve 
genome assemblies. Bioinformatics 27, 2957–2963. 10.1093/bioinformatics/btr507. [PubMed: 
21903629] 

63. Joshi-Barve S, Barve SS, Amancherla K, Gobejishvili L, Hill D, Cave M, Hote P, and McClain 
CJ (2007). Palmitic acid induces production of proinflammatory cytokine interleukin-8 from 
hepatocytes. Hepatology 46, 823–830. 10.1002/hep.21752. [PubMed: 17680645] 

64. Seyb KI, Schuman ER, Ni J, Huang MM, Michaelis ML, and Glicksman MA (2008). Identification 
of small molecule inhibitors of beta-amyloid cytotoxicity through a cell-based high-throughput 
screening platform. J. Biomol. Screen 13, 870–878. 10.1177/1087057108323909. [PubMed: 
18812568] 

65. Antony A, Ng N, Lauto A, Coorssen JR, and Myers SJ (2022). Calcium-Mediated Calpain 
Activation and Microtubule Dissociation in Cell Model of Hereditary Sensory Neuropathy Type-1 
Expressing V144D SPTLC1 Mutation. DNA Cell Biol. 41, 225–234. 10.1089/dna.2021.0816. 
[PubMed: 34986032] 

66. Glynn SA, Boersma BJ, Dorsey TH, Yi M, Yfantis HG, Ridnour LA, Martin DN, Switzer CH, 
Hudson RS, Wink DA, et al. (2010). Increased NOS2 predicts poor survival in estrogen receptor-
negative breast cancer patients. J. Clin. Invest 120, 3843–3854. 10.1172/jci42059. [PubMed: 
20978357] 

67. Funamizu N, Hu C, Lacy C, Schetter A, Zhang G, He P, Gaedcke J, Ghadimi MB, Ried T, Yfantis 
HG, et al. (2013). Macrophage migration inhibitory factor induces epithelial to mesenchymal 
transition, enhances tumor aggressiveness and predicts clinical outcome in resected pancreatic 
ductal adenocarcinoma. Int. J. Cancer 132, 785–794. 10.1002/ijc.27736. [PubMed: 22821831] 

Ohara et al. Page 22

Cell Rep. Author manuscript; available in PMC 2024 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• SERPINB3 is linked to poor patient survival in pancreatic ductal 

adenocarcinoma (PDAC)

• SERPINB3 enhances tumor metastasis in an orthotopic preclinical PDAC 

mouse model

• SERPINB3-MYC axis induces the aggressive basal-like/squamous molecular 

subtype

• SERPINB3-MYC axis increases carnitine/acylcarnitine and amino acid 

metabolism
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Figure 1. Transcriptome analysis identifies SERPINB3 as a marker upregulated in basal-like/
squamous PDAC and associated with poor survival
(A) Strategy to find candidate driver genes of the basal-like/squamous subtype in PDAC. 

Two cohorts (Bailey3 and Moffitt4) were interrogated to identify candidate driver genes of 

the basal-like/squamous subtype. The genes were narrowed down to those associated with 

patient survival in the NCI-UMD-German cohort.17 Data are presented as the mean ± SD. *p 

< 0.05, ***p < 0.005 by unpaired two-tailed Student’s t test.

(B–D) Comparison of SERPINB3 transcript and protein expression levels in PDAC tumors 

versus adjacent noncancerous tissues, revealing upregulation of SERPINB3 in tumors in 

both the NCI-UMD-German cohort (mRNA via qPCR and protein via IHC) and the 

validation cohort (Moffitt cohort4; GSE71729; mRNA). Data are presented as the mean 

± SD. ***p < 0.005 by unpaired two-tailed Student’s t test. The bottom shows Kaplan-

Meier plots and log-rank test results, highlighting the association of increased SERPINB3 

expression with decreased PDAC patient survival. For the survival analysis in the NCI-

UMD-German cohort (B and D), the comparison was conducted between patients in the 

upper and lower 50% of SERPINB3 levels. In the validation cohort (C), patients in the upper 

and lower tertiles of SERPINB3 expression were compared (total patient number = 125). 

The right side shows IHC of SERPINB3 in representative nontumor (score 0) and tumor 

tissues (scores 1–3). SERPINB3 protein was detected in both the nucleus and the cytoplasm, 

as shown by the brown DAB-based IHC in the tumor cells. The images show the staining 

strength (score 0, unstained; score 1, weak; score 2, moderate; score 3, strong). Scale bars, 
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20 μm. More details can be found in the STAR Methods. IHC, immunohistochemistry. See 

also Tables S1 and S2.
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Figure 2. Upregulation of SERPINB3 promotes the characteristics of the basal-like/squamous 
subtype of PDAC
(A) The transcriptome of PDAC defines its molecular subtypes. Previously described gene 

signatures for molecular subtypes4 separated 175 patients of our NCI-UMD-German cohort 

into unclassified (n = 32), basal-like/squamous (n = 48), and classical/progenitor (n = 

95) subtypes. In the middle, tumors defined as basal-like/squamous show upregulation of 

SERPINB3 mRNA expression. Data are presented as the mean ± SD; ***p < 0.005 by 

one-way ANOVA. On the right, the Kaplan-Meier plot and log-rank test show the reduced 

survival of patients with basal-like/squamous PDAC.
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(B–E) IPA (blue bars) and GSEA show similar pathway patterns, including enrichment of 

cellular movement, MYC activation,28,29 and induction of the basal-like gene expression 

profile,30 in SERPINB3-high and basal-like/squamous PDAC tumors (B and C) and in 

human PDAC cell lines with SERPINB3 transgene overexpression (D and E). SERPINB3-

low, n = 87, and SERPINB3-high, n = 88 in (B). Classical/progenitor subtype, n = 95, and 

basal-like/squamous subtype, n = 48 in (C). Panc 10.05 control, n = 4, and Panc 10.05 

SERPINB3, n = 4 in (D). AsPC-1 control, n = 4, and AsPC-1 SERPINB3, n = 4 in (E). IPA, 

Ingenuity pathway analysis; GSEA, gene set enrichment analysis. See also Figure S1.
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Figure 3. Upregulation of SERPINB3 promotes invasion and metastasis of PDAC
SERPINB3 transgene-expressing PDAC cells were examined to define the function of 

SERPINB3.

(A) SERPINB3-overexpressing PDAC cells demonstrate an increased invasive ability. Cells 

that passed through a cell culture insert membrane coated with Matrigel were fixed, and the 

cells were counted. Data are presented as the mean ± SD of three independent experiments; 

*p < 0.05 by unpaired two-tailed Student’s t test.
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(B–H) Vector control and SERPINB3-overexpressing AsPC-1 human PDAC cells were 

transplanted into the pancreas of immune-deficient (NOD-SCID) mice. The mice were 

euthanized at 5 weeks, and both tumor burden and lung metastases were assessed. (B) The 

increased number of lung metastases in mice transplanted with AsPC-1 cells carrying the 

SERPINB3 transgene (shown in the graph to the right). Basophilic clusters indicate the 

metastatic lesions in sections of the lung (see arrows). Data are presented as the mean ± 

SD (AsPC-1 control, n = 10 mice; AsPC-1 SERPINB3, n = 8 mice); *p < 0.05 by unpaired 

two-tailed Student’s t test. (C) Upregulation of SERPINB3 does not increase the weight 

of the primary tumor xenografts in the pancreas. Data are presented as the mean ± SD 

(AsPC-1 control, n = 10 mice; AsPC-1 SERPINB3, n = 8 mice); ns, not significant by 

unpaired two-tailed Student’s t test. (D) Pathway enrichment analysis using IPA for the 

primary tumor xenografts from SERPINB3-overexpressing AsPC-1 versus vector control 

cells. IPA indicates the activation of a set of pathways, including “cellular movement” and 

“free radical scavenging,” in SERPINB3-overexpressing AsPC-1, consistent with increased 

invasion (A) and oxidative stress (Figure S2) in these tumors. (E and F) Pathway enrichment 

analysis using IPA for the tumor stroma from xenografts of SERPINB3-overexpressing 

AsPC-1 versus vector control cells. The stroma in AsPC-1 SERPINB3 xenografts exhibits 

activation of pathways associated with “HIF1α” and “tumor microenvironment,” including 

“angiogenesis” and “metastasis/invasion/cell movement.” (G) The density of microvessels 

(angiogenesis) in the tumor xenografts examined by IHC for CD31. Microvessel density is 

increased in the stroma of SERPINB3-overexpressing AsPC-1 xenografts (arrows). Scale 

bars, 50 μm. Data are presented as the mean ± SD (AsPC-1 control, n = 10 mice; AsPC-1 

SERPINB3, n = 8 mice); ***p < 0.005 by unpaired two-tailed Student’s t test. (H) IHC 

for 8-OHdG, a marker of oxidative stress, in the tumor xenografts. The percentage of 

8-OHdG-positive cells, indicating the level of oxidative stress, was assessed. The level of 

oxidative stress is increased in SERPINB3-overexpressing AsPC-1 xenografts. Scale bars, 

50 μm. Data are presented as the mean ± SD (AsPC-1 control, n = 10 mice; AsPC-1 

SERPINB3, n = 8 mice); **p < 0.01 by unpaired two-tailed Student’s t test. 8-OHdG, 8-

hydroxy-2′-deoxyguanosine; IHC, immunohistochemistry; IPA, Ingenuity pathway analysis. 

See also Figure S2.
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Figure 4. SERPINB3 knockout and inhibition of MYC signaling abrogates the differentiation 
into the basal-like/squamous subtype of PDAC
(A–D) IPA (blue bars) and GSEA indicate similar pathway patterns following either 

treatment with a MYC inhibitor (10058-F4, 100 μM) (A and B) or SERPINB3 knockout 

(C and D), including enrichment of cellular movement and decreased basal-like/squamous 

differentiation, mirroring the observations made in SERPINB3-expressing PDAC cells as 

well as SERPINB3-high and basal-like/squamous PDAC tumors (Figure 2).

(E) SERPINB3 knockout decreases the ability of PDAC cells to invade. Cells that passed 

through a cell culture insert membrane coated with Matrigel were fixed, and the cells were 
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counted. Data are presented as the mean ± SD of three independent experiments; *p < 0.05, 

**p < 0.01 by unpaired two-tailed Student’s t test.

(F) Calpain, a cysteine protease, is a key pathway for MYC degradation.32

(G) Calpain activity was reduced in the SERPINB3-overexpressing PDAC cell line 

(AsPC-1) but activated in SERPINB3-knockout PDAC cell lines (BxPC-3 and Panc 10.05). 

Data are presented as the mean ± SD (n = 4 for each group); **p < 0.01, ***p < 0.005 

by unpaired two-tailed Student’s t test. IPA, Ingenuity pathway analysis; GSEA, gene set 

enrichment analysis. See also Figure S3.
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Figure 5. Upregulation of acylcarnitine/carnitine and amino acid metabolism in both 
SERPINB3-high and basal-like/squamous PDAC tumors
(A and B) Heatmaps show metabolite patterns in human PDAC (n = 88) with high and 

low SERPINB3 expression level (A) or by tumor subtype (B). Red shows upregulation 

of metabolites, blue indicates low abundance. In (A), 32 metabolites were significantly 

increased and 3 were decreased in SERPINB3-high tumors compared with SERPINB3-low 

tumors (p < 0.05). SERPINB3-low, n = 44; SERPINB3-high, n = 44. In (B), 15 metabolites 

were significantly increased and 2 were decreased in the basal-like/squamous subtype 

compared with the classical/progenitor subtype (p < 0.05). Unclassified subtype, n = 17; 

classical/progenitor subtype, n = 42; basal-like/squamous subtype, n = 29. Acylcarnitines/
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carnitine, amino acids, and carbohydrates are increased in SERPINB3-high PDAC tumors 

and also in basal-like/squamous PDAC tumors.

(C and D) Abundance patterns for individual acylcarnitines (C) and amino acids (D) by 

tumor SERPINB3 status and subtype. Data are presented as the mean ± SD. In the graphs 

of 2-methylbutyrylcarnitine and palmitoylcarnitine, negative values of standard deviation 

(−SD) are not shown on the logarithmic y axis; *p < 0.05, **p < 0.01, ***p < 0.005 

by unpaired two-tailed Student’s t test. The bottom row in (C) shows Kaplan-Meier plots 

and log-rank test results demonstrating the association of each acylcarnitine with PDAC 

patient survival. The comparison was conducted between patients in the upper 25% quartile 

and the lower 75% of each acylcarnitine level. Higher levels of 2-methylbutyrylcarnitine, 

butyrylcarnitine, and palmitoylcarnitine were associated with poor patient survival. See also 

Tables S3 and S4.
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Figure 6. SERPINB3 promotes carnitine and amino acid metabolism in PDAC cells
(A and B) Metabolome analysis covering 116 cancer-related metabolites in SERPINB3-

overexpressing Panc 10.05 cells. In SERPINB3-overexpressing Panc 10.05 cells, 43 

metabolites were significantly elevated compared with control cells (p < 0.05). The graphs 

highlight the increase in amino acid metabolism. Data are presented as the mean ± SD (n = 4 

for each group); ***p < 0.005 by unpaired two-tailed Student’s t test.
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(C) Pathway enrichment scores using MetaboAnalyst 5.0 with 43 significantly elevated 

metabolites as input. It is shown that amino acid and carnitine metabolism and the Warburg 

effect are upregulated in SERPINB3-overexpressing Panc 10.05 cells.

(D) Prediction of upstream regulators of metabolism in SERPINB3-overexpressing Panc 

10.05 cells. The upstream analysis by IPA using the 43 input metabolites predicts 

upregulated MYC signaling in these cells.

(E and F) Metabolome analysis covering 116 cancer-related metabolites in SERPINB3-

knockout BxPC-3 cells. In these cells, 32 metabolites were significantly downregulated 

compared with control cells (p < 0.05). The graphs highlight the decrease in amino acid 

metabolism. Data are presented as the mean ± SD (n = 4 for each group); ***p < 0.005 by 

unpaired two-tailed Student’s t test.

(G) Pathway enrichment scores using MetaboAnalyst 5.0 with 32 significantly decreased 

metabolites as input. It is shown that amino acid and carnitine metabolism and the Warburg 

effect are downregulated in SERPINB3-knockout BxPC-3 cells.

(H) Prediction of upstream regulators of metabolism in SERPINB3-knockout BxPC-3 cells. 

The upstream analysis by IPA using the 32 input metabolites predicts downregulated MYC 

signaling in these cells. IPA, Ingenuity pathway analysis. See also Figures S4 and S5; Tables 

S5 and S6.
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Figure 7. Carnitine enhances the disease progression in PDAC
(A and B) Total carnitine is elevated in both SERPINB3-high and basal-like/squamous 

PDAC in the NCI-UMD-German cohort. Data are presented as the mean ± SD (SERPINB3-

low, n = 44; SERPINB3-high, n = 44; classical/progenitor subtype, n = 42; basal-like/

squamous subtype, n = 29). Negative values of standard deviation (−SD) are not shown on 

the logarithmic y axis; **p < 0.01, ***p < 0.005 by unpaired two-tailed Student’s t test.
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(C) Kaplan-Meier plot and log-rank test showing that high total carnitine associates with 

poor survival of PDAC patients (the upper 25% quartile versus the lower 75%; total carnitine 

low <30.8, high ≥30.8).

(D) L-carnitine has no effect on proliferation of PDAC cell lines (CCK-8/WST-8 assay). 

Data are presented as the mean ± SD of three independent experiments; ns, not significant, 

by two-way ANOVA.

(E) L-carnitine increases invasiveness of PDAC cell lines. Cells that passed through a cell 

culture insert membrane coated with Matrigel were fixed, and the cells were counted. Data 

are presented as the mean ± SD of three independent experiments; *p < 0.05 by unpaired 

two-tailed Student’s t test.

(F) Increased mitochondrial membrane potential in PDAC cell lines cultured with 1 mM 

L-carnitine for 48 h. Mitochondrial membrane potential was quantified in cells using 

MitoTracker Red FM and flow cytometry. Data are presented as the mean ± SD (n = 3 

for each group); *p < 0.05 by unpaired two-tailed Student’s t test.

(G) TMLHE/TMLD, HTMLA (SHMT1 and SHMT2), ALDHA9A1/TMABADH, and 

BBOX1/BBH are involved in L-carnitine synthesis.36

(H and I) Expression of BBOX1 in clinical PDAC samples from the NCI-UMD-German 

cohort. BBOX1 was upregulated in SERPINB3-high PDAC and the basal-like/squamous 

subtype. Data are presented as the mean ± SD; **p < 0.01, ***p < 0.005 by unpaired 

two-tailed Student’s t test.

(J–M) Quantification of BBOX1 expression in human PDAC cell lines using qPCR. BxPC-3 

reigns as the foremost representative of the basal-like PDAC subtype31 and was the 

sole cell line expressing endogenous BBOX1 (J). BBOX1 was upregulated in SERPINB3-

overexpressing Panc 10.05 cells (K) and downregulated in SERPINB3-knockout BxPC-3 

cells (L). The supplementation of a MYC inhibitor (10058-F4, 100 μM) in the medium 

downregulated BBOX1 expression at the mRNA level in BxPC-3 (M). Data are presented as 

the mean ± SD of three independent experiments; **p < 0.01 by unpaired one-way ANOVA. 

N.A. (not applicable), below the detection limit.

(N) BBOX1 protein was downregulated in BxPC-3 through SERPINB3 knockout or the 

addition of a MYC inhibitor (10058-F4, 100 μM) to the medium. Total carnitine is the 

sum of all acylcarnitines/carnitine in the metabolome dataset: 2-methylbutyrylcarnitine 

(C5), acetylcarnitine, butyrylcarnitine, carnitine, decanoylcarnitine, deoxycarnitine, 

hexanoylcarnitine, isobutyrylcarnitine, isovalerylcarnitine, octanoylcarnitine, 

oleoylcarnitine, palmitoylcarnitine, propionylcarnitine, stearoylcarnitine, succinylcarnitine, 

and valerylcarnitine. See also Figures S6 and S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-SERPINB3 R & D Systems Cat# MAB6528; RRID:AB_2943627

Rabbit polyclonal anti-SERPINB3 Thermo Fisher Scientific Cat# PA5-30164; RRID:AB_2547638

Mouse monoclonal anti-c-Myc MilliporeSigma Cat# M4439; RRID:AB_439694

Mouse monoclonal anti-BBOX1 MilliporeSigma Cat# WH0008424M1; RRID:AB_1840194

Mouse monoclonal anti-β-actin MilliporeSigma Cat# A5441; RRID:AB_476744

Mouse monoclonal anti-Cas9 Cell Signaling Technology, Inc. Cat# 14697; RRID:AB_2750916

Rabbit polyclonal anti-SERPINB3 Abcam Cat# ab154971; RRID:AB_2943626

Rabbit polyclonal anti-CD31 Abcam Cat# ab28364; RRID:AB_726362

Mouse monoclonal anti-8-hydroxy-2’-
deoxyguanosine

Abcam Cat# ab48508; RRID:AB_867461

Bacterial and virus strains

DH5α Competent Cells for 
Subcloning

Thermo Fisher Scientific Cat# EC0111

Biological samples

Pancreatic tumor tissues from resected 
PDAC patients

University of Maryland Medical 
System (UMMS) in Baltimore, 
MD University Medical Center 
Göttingen, Germany

N/A

Chemicals, peptides, and recombinant proteins

L-carnitine MilliporeSigma Cat# C0158

Hydroxyproline MilliporeSigma Cat# H5534

Gemcitabine hydrochloride MilliporeSigma Cat# G6423

Palmitic acid MilliporeSigma Cat# P5585

Bovine Serum Albumin MilliporeSigma Cat# A7030

cOmplete™ Protease Inhibitor Cocktail MilliporeSigma Cat# 4693116001

Calpeptin MedChemExpress LLC Cat# HY-100223

RPMI 1640 Medium, GlutaMAX™ 

Supplement
Thermo Fisher Scientific Cat# 61870127

IMDM Thermo Fisher Scientific Cat# 12440053

McCoy’s 5A (Modified) Medium Thermo Fisher Scientific Cat# 16600082

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific Cat# 89901

SuperBlock™ Blocking Buffer Thermo Fisher Scientific Cat# 37515

SuperSignal™ West Dura Extended 
Duration Substrate

Thermo Fisher Scientific Cat# 34075

TRIzol™ Reagent Thermo Fisher Scientific Cat# 15596018

High-Capacity cDNA Reverse 
Transcription Kit

Thermo Fisher Scientific Cat# 4368813

TaqMan™ Fast Advanced Master Mix 
for qPCR

Thermo Fisher Scientific Cat# 4444557

Puromycin Dihydrochloride Thermo Fisher Scientific Cat# A1113803
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REAGENT or RESOURCE SOURCE IDENTIFIER

Corning® Matrigel® Basement 
Membrane Matrix, LDEV-free

Corning Cat# 354234

Target Retrieval Solution, pH 9 Agilent Technologies Cat# S2367

Liquid DAB+ Agilent Technologies Cat# K346811-2

RNeasy Micro Kit QIAGEN Cat# 74004

RNeasy Plus Mini Kit QIAGEN Cat# 74134

QIAfilter Plasmid Midi Kit QIAGEN Cat# 12243

DNeasy Blood & Tissue Kit QIAGEN Cat# 69506

Critical commercial assays

Calpain-Glo™ Protease Assay Promega Cat# G8502

Cell Counting Kit-8 Dojindo Cat# CK04

Pierce™ BCA Protein Assay Kits Thermo Fisher Scientific Cat# 23225

CellROX™ Deep Red Thermo Fisher Scientific Cat# C10422

MitoTracker™ Red FM Thermo Fisher Scientific Cat# M22425

MitoSOX™ Red Thermo Fisher Scientific Cat# M36008

Deposited data

Raw RNA sequencing data This paper NCBI GEO: GSE223909. This SuperSeries is composed 
of the following SubSeries GSE224564; GSE223908; 
GSE223536

Raw metabolome data This paper https://osf.io/3jyut/?
view_only=fed315a5a79f4cc283790eefc73fca3f

Experimental models: Cell lines

AsPC-1 American type culture collection 
(ATCC)

RRID:CVCL_0152

BxPC-3 American type culture collection 
(ATCC)

RRID:CVCL_0186

Capan-1 American type culture collection 
(ATCC)

RRID:CVCL_0237

Capan-2 American type culture collection 
(ATCC)

RRID:CVCL_0026

CFPAC-1 American type culture collection 
(ATCC)

RRID:CVCL_1119

MIA PaCa-2 American type culture collection 
(ATCC)

RRID:CVCL_0428

PANC-1 American type culture collection 
(ATCC)

RRID:CVCL_0480

Panc 10.05 American type culture collection 
(ATCC)

RRID:CVCL_1639

SU.86.86 American type culture collection 
(ATCC)

RRID:CVCL_3881

293T American type culture collection 
(ATCC)

RRID:CVCL_0063

Experimental models: Organisms/strains

NOD-SCID mouse Jackson Laboratory RRID:IMSR_JAX:005557

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

All the oligonucleotides can be found 
in Table S7

This paper N/A

Recombinant DNA

Empty vector control Genecopoeia Cat# EX-NEG-Lv103

SERPINB3 vector Genecopoeia Cat# EX-F0390-Lv103

Software and algorithms

MetaboAnalyst 5.0 Pang et al.53 RRID:SCR_015539

GraphPad Prism 9 GraphPad Software RRID:SCR_002798

CFX384 Touch Real-Time PCR 
Detection System

Bio-Rad Laboratories, Inc. RRID:SCR_018057

FlowJo version 10.8.1 Becton, Dickinson and Company RRID:SCR_008520

Integrated Genomics Viewer (IGV) Robinson et al.54 RRID:SCR_011793

Ingenuity Pathway Analysis QIAGEN RRID:SCR_008653

Partek Genomics Suite Partek Inc. RRID:SCR_011860
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