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ABSTRACT 

 

 

Heparan sulfate proteoglycans (HSPGs) regulate growth factor signaling and extracellular matrix 

remodeling via specific interactions with sulfate groups. 6-O-Sulfation of HSPGs is an impactful 

modification regulated by the activity of extracellular endosulfatases SULF1 and SULF2. 

Specifically, SULF1 and SULF2 remove 6-O-sulfate from HS chains, modulate the affinity of 

HSPG to its ligands, and thereby influence activity of downstream pathways.  

In this study, we conducted translational analyses of the SULFs in head and neck squamous cell 

carcinoma (HNSCC) using data from publicly available large-scale multi-omic studies and from 

our own analyses. We found significant overexpression of both SULF1 and SULF2 in HNSCC 

tumors that differs by tumor location and etiology. SULF1 overexpression derives from cancer-

associated fibroblasts (CAFs), while SULF2 originates primarily in tumor epithelial cells. High 

SULF1 mRNA expression is significantly correlated with poor progression-free interval in early-

stage patients while high SULF2 mRNA is adversely prognostic in late-stage patients. Among all 

the HS-related enzymes, SULF2 expression showed the highest hazard ratio in a survival analysis. 

Expression of the enzymes modifying 6-O-sulfation in HNSCC tumors suggest that HSPG 

sulfation is carried out by co-regulated activities of multiple genes, of which the SULFs are the 

most upregulated in HNSCC tissue.  
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Although the content of 6-O-sulfated HS was higher in benign mucosa compared to tumor tissues, 

we did not see a difference by SULF2 staining. LC-MS/MS analysis showed low abundance of 

sulfated HS in tumors from HNSCC patients and did not identify a significant difference between 

SULF2-positive and SULF2-negative tumors. We expect the alteration of 6-O-sulfate to be non-

uniform and occurred in specific domains of HS chains that regulate HSPG-dependent activities 

affecting tumor progression. Our pan-cancer analysis found SULF1 overexpression in multiple 

cancers with a possible connection to CAF, whereas SULF2 differential expression varied by tissue 

type. 

Overall, our findings show that both SULF1 and SULF2 correlate with clinical outcomes in 

HNSCC patients. The expression of the SULFs in HNSCC is differentially regulated in a temporal 

and spatial manner. These enzymes represent a regulatory hub that could potentially serve as a 

prognostic factor and a target for therapeutic interventions. 
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CHAPTER 1. INTRODUCTION 

1.1 Human 6-O-endosulfatases SULF1 and SULF2 

Sulfatases are mostly known as lysosomal enzymes that hydrolyze sulfate esters for the 

degradation of sulfated macromolecules, often in conjunction with glycosidases1. Human 6-O-

endosulfatases SULF1 and SULF2 are distinct from all the acidic lysosomal sulfatases in that they 

are neutral pH extracellular enzymes that edit the sulfation pattern of heparan sulfate proteoglycans 

(HSPG) instead of assisting in their degradation2. The 6-O-sulfation of heparan sulfate (HS) chains 

of HSPG is a major determinant of their interactions, which regulate a wide range of biological 

processes1. The SULFs represent, therefore, an essential regulatory hub that controls both 

developmental and pathophysiological processes.  

Human SULF1 and SULF2, identified and cloned only in 2002, share a high degree of similarity 

in protein sequence, domain structure, and enzymatic activity1. The HSulf-1 and HSulf-2 protein 

sequences are 64% identical and the enzymes have virtually identical activities in vitro3,4. Both 

Sulf proteins consist of four domains from the N to C terminus: a signal peptide of 22/24 aa, a 

catalytic domain (CAT) of 392/391 aa, a hydrophilic domain (HD) of 321/300 aa, and a C-terminal 

domain of 136/155 aa1,5. Oxidation of a conserved cysteine within the CAT domain into Cα-

formylglycine is essential for the catalytic activity since it directly participates in the hydrolytic 

cleavage of the sulfate ester from the substrate1,6,7. The CAT domain and the C-terminal domain 

of the Sulfs are highly homologous to lysosomal glucosamine-6-sulfatase8, whereas the centrally 

located HD is exclusively found in the two endosulfatases SULF1 (aa415-aa735) and SULF2 

(aa416-aa715)9,10.  



2 

 

The Sulfs remove 6-O-sulfate from internal glucosamine residues of highly sulfated domains 

within the HS chains on the cell-surface and in the extracellular matrix (ECM) (Figure 1). Editing 

of the 6-O-sulfation by the Sulfs generates a subtle change in the overall sulfation of HSPG but 

leads to a critical alteration of their biological activity. The sulfation of HSPG defines their 

interactions with a large number of growth factors, morphogens or chemokines5,6. The highly 

specific endoglucosamine-6-O-sulfatase activities of the Sulfs liberate the HS-binding proteins, 

including VEGF, FGF, or Wnt, from sequestration on HSPG which regulates their access to their 

cognate receptors6,11,12.  

 

Figure 1. Schematic of the 6-O-sulfate of HSPG by SULF1 and SULF2 

A knock-out of SULF1 or SULF2 in mice is fully viable with no obvious histological abnormalities 

but the double-knockout mice show highly penetrant neonatal lethality. The enzymes appear to be 

functionally redundant and have overlapping enzymatic activities and substrate specificity based 

on current in vitro and kinetic studies4,8. Organ-specific change of sulfation pattern is observed in 
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SULF1 or SULF2 knockout mice but the regulatory mechanism has not been elucidated13. 

Interpretation of these observations should be done, however, with caution as contextual 

experimental details may differ from the in vivo biology. In fact, it is expected that as yet 

unidentified differences distinguish activities of the Sulfs in vivo.  

 

1.2 Influence of the proteolytic processing and post-translational modifications on the 

activity of SULFs  

Characterization of the Sulfs structure and function has been challenging because of the 

heterogeneity of their substrates and the low yields of the protein connected to the proteolytic 

processing, formylglycine synthesis in the active site, and extensive glycosylation required for a 

fully functional enzyme. SULF1 and SULF2 are initially synthesized as 125kDa precursor proteins, 

followed by removal of their signal peptides and cleavage by furin-type proteases, which generates 

75kDa N-terminal and 50kDa C-terminal subunits connected by a disulfide bridge1,8. The mature 

enzyme is secreted into the extracellular space only after the activation of the active site cysteine 

to formylglycine and extensive maturation.  

Two furin-type protease cleavage sites with conserved sequence are found within the inner region 

of the HD of  the Sulfs: site 1 contains a classical furin-cleavage sequence RXXR (aa544-545 for 

SULF1, aa538-539 for SULF2); site 2 is a less typical sequence RXXXKR (aa576-577 for SULF1, 

aa565-566 for SULF2)5,8. Cleavage efficiency on the two sites is different between the Sulfs: 

SULF1 is cleaved similarly at both sites but SULF2 is preferentially cleaved at site 1, while double 

deletion of the two cleavage sites completely prevented the cleavage in both Sulfs8. In addition, 

suppression of the furin-cleavage was achieved by cell-permeable furin inhibitor but not by 
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polyarginine furin inhibitor8, suggesting that the cleavage event happens intracellularly but is not 

a prerequisite for secretion.  

Proteolytic processing serves as a factor influencing the function of SULF1 and SULF2 without 

directly affecting the enzymatic activity. Inhibition of the proteolytic processing alters the signal-

activating function of the Sulfs. Sulf1 or Sulf2 enhance β-catenin-dependent transcriptional 

activity by liberating Wnt ligands (Wnt1, Wnt3 and Wnt3a) from HSPG sequestration8. The 

uncleavable SULF2 mutant does not potentiate Wnt signaling because the protein’s localization to 

the lipid-raft fraction of the cell membrane is markedly reduced8. Malfunction of the uncleavable 

SULF2 mutant in the Wnt signaling suggests that the subcellular localization of SULF2, which is 

characterized by lipid-raft accumulation, is crucial for signaling pathway activation as some Wnt 

ligandsd (like Wnt1) are also associated with the lipid raft. Further study should investigate how 

furin-cleavage of SULF2 regulates its membrane distribution. 

The glycosylation of Sulf proteins was first observed as the shift of the bands on SDS-PAGE after 

treatment by the N-glycosidase PNGaseF1,8. The molecular weight of human SULF2 analyzed by 

MALDI-TOF mass spectrometry is 133.12 kDa compared to the theoretical value as 98.17 kDa 

based on its amino acid sequence, highlighting the contribution of post-translational modifications5. 

Ongoing experiments in our lab exploring the glycosylation of HSulf-2 expressed in HEK293F 

cells showed reliable detection of N-linked glycans on 10 of the 12 N-glycosylation sequons 

predicted occupied by the Uniprot database (https://www.uniprot.org/uniprot/Q8IWU5). The 

function of these N-glycans or their impact on the activity of SULF2 is so far unknown as the 

glycan structures associated with the Sulfs and their functional impact are insufficiently 

characterized, in general. This claim is supported by a recent report of an unexpected 

https://www.uniprot.org/uniprot/Q8IWU5
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chondroitin/dermatan sulfate glycosaminoglycan (CS/DS-GAG) modification of the HSulf-214, a 

~25kDa CS/DS chain covalently attached to the S583 residing in the HD and located in the C-

terminal subunit behind the furin cleavage-site (Figure 2). The presence of the CS/DS chain 

resulted in a high apparent molecular weight (>180kD) form of HSulf-2 observed in size-exclusion 

chromatography; the CS/DS chain hindered the detection of the 50kD C-terminal subunit in both 

SDS-PAGE analysis and Western blot without pre-treatment by chondroitinase ABC14. The weak 

mass spectrometry ionization efficiency of the C-terminal subunit of HSulf-2 is also likely due to 

the CS/DS-GAG chain5. 

 

Figure 2. The domain structure of SULF2 protein with post-translational modifications14 

 

In addition, this GAG chain is a critical non-catalytic modulator of the HSulf-2 enzymatic activity. 

Removal of the CS/DS chain through a genetically engineered HSulf-2 mutant or hyaluronidase 

digestion showed that the CS chain significantly decreases the 6-O-endosulfatase activity against 

heparin14. This suggests that the mammalian hyaluronidase could act as a promoter of HSulf-2 

activity by digesting its GAG chain. Moreover, the GAG-lacking HSulf-2 mutant showed stronger 

binding to heparin and cell-surface HS compared to the GAG-carrying wild-type HSulf-214. These 

observations suggest that the CS/DS chain of HSulf-2 regulates the enzyme activity and cell-

surface distribution by modulating the enzyme/substrate recognition. It may also serve as a 
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regulatory mechanism that distinguishes the substrate preferences of SULF2 and SULF1 in 

different cell types. Each cell has a different representation of enzymes catalyzing the 

modifications of the SULF enzymes and their activity will therefore be regulated in a cell-specific 

manner. Further exploration of the post-translational modifications of Sulfs that affect their 

catalysis will help address the functional redundancy of the two enzymes.  

 

1.3 Heparan sulfate proteoglycans 

HSPGs represent a family of proteoglycans composed of a core protein with one or several 

serine/threonine residues covalently attached to HS-GAG chains15. HSPGs are ubiquitously 

present in virtually all animal tissues as common constituents of the cell surface and the ECM. 

These large glycoconjugates regulate the activity of diverse signaling pathways that orchestrate 

many developmental programs and cell-cell or cell-matrix interactions in organogenesis16,17. 

HSPG synthesis is dynamically regulated throughout the development and differentiation 

processes18,19. The composition of tumor HSPGs differs from that of normal tissues and 

accordingly influences diverse signaling activities16.  

The HS chains are linear polysaccharides composed of alternating disaccharide units of N-acetyl-

glucosamine (GlcNAc) and D-glucuronic/L-iduronic acids (GlcA/IdoA) further modified by N-

deacetylation and sulfation, epimerization, and variable O-sulfation (Figure 1)15. The biosynthesis 

of HSPG is a non-template process relying on multiple enzyme activities to generate a GAG 

polymer with distinct sulfation patterns. The process of HSPG synthesis can be summarized by 

three steps: 1. an initiation step builds a tetrasaccharide linker (GlcAβ3Galβ3Galβ4Xylβ3-) by 

transferring, in the endoplasmic reticulum lumen, a xylose to a specific serine residue of the core 
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protein  which is followed by the addition, in the Golgi apparatus, of two Gal and a GlcA residues; 

2. an elongation step, adding the initial αGlcNAc to the linker tetrasaccharide in the Golgi 

apparatus, which is followed by alternating additions of GlcAβ4 and GlcNAcα4 units to 

polymerize the sugar backbone of HS chains to variable lengths; and 3. the polysaccharide chains 

undergo a series of modification reactions catalyzed by four classes of sulfotransferases and one 

epimerase20. The final product is a diverse set of compounds that differ in their size, fine structure, 

and biology; the post-synthetic editing of the sulfation pattern by SULF1 and SULF2 represents 

the last adjustment of their structure and function. 

Four different sulfation sites have been identified in HS chains at the N-, 3-O-, and 6-O-positions 

of glucosamine and at the 2-O-position of glucuronic acid15. These sulfate groups accumulate 

nonuniformly along the HS chains, which generates defined HS domains of highly, partially, and 

non-sulfated regions21. The sulfation editing enzymes, the extracellular 6-O-endosulfatses SULF1 

and SULF2, represent the only tools for post-synthetic editing of HS sulfation patterns. The diverse 

sulfation of the HS chains provides specific recognition sites for selective binding of protein 

ligands; the Sulfs therefore diversify the GAG chains and bestow the regulatory function of HSPG 

on many signaling pathways6.  

The overall biosynthesis of HSPGs may be depicted as a highly ordered process that generates 

linear polysaccharides backbones, supplemented with variable modifications along the HS chains 

to generate specific binding sites for the numerous HS-binding ligands. The committed reaction-

steps provide a preferred substrate necessary for the next reaction in the pathway. N-sulfation of 

specific GlcNAc residues commits the substrate towards HSPG synthesis and excludes the 

synthesis of CS; it is also a prerequisite for all subsequent heparan sulfate modifications20. Other 
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events, like 3-O-sulfation and 6-O-sulfation, do not necessarily occur in order20. The structure of 

the HS chains is therefore determined by the groups of enzymes expressed in different cell types 

and their combined activities which direct the synthesis and modification of the end-product.  

 

1.4 The heparan sulfate-binding proteins and signaling activities 

HSPGs play essential roles in embryogenesis, organogenesis, and physiology of nearly all adult 

organs from digestive, musculoskeletal, nervous to circulatory and the immune systems16,18, which 

are mediated via the interactions of HS chains with a multitude of proteins. The known HSPG 

ligands include growth factors and morphogens, cytokines, chemokines, enzymes, and cell-matrix 

proteins, which define their ability to direct the complex developmental processes16,22.   

The specificity of the interactions between HS chains and their ligands depends on the fine 

structure, especially the sulfation patterns, of the HS domains which are unevenly distributed along 

the chains. Different assembly of sulfation and epimerization of HS chains generates 48 unique 

disaccharides, enabling the great diversity of HSPG function through interactions with over 600 

binding partners23,24. Each ligand prefers a specific set of modifications that make the HS domains 

critical determinants of HSPG function. The 6-O-sulfation is essential for binding of many ligands 

including VEGF, FGF-1, FGF-10, IL8, hepatocyte growth factor, lipoprotein lipase, herpes 

simplex glycoprotein c, noggin, and L- and P- selectins11,15. The post-synthetic editing of the 6-O-

S pattern of HSPG is a well-recognized but not-yet fully understood regulatory mechanism.  

HSPGs interact with a large repertoire of ligands and trap or release the ligands required by cells, 

by which they regulate the distribution and bioavailability of signaling molecules. On one hand, 

HSPGs serve as co-receptors that facilitate the formation of receptor-ligand complexes and 
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activate downstream signaling pathways. On the other hand, they serve as repressors that sequester 

the free ligands in the ECM from membrane receptors and inhibit downstream activity. However, 

the regulatory function of the sulfation pattern of HSPG is exploited in the tumor environment that 

diverts many of the events occurring in normal development to promote tumor invasion and 

metastasis21,22. The best established examples of the regulation of cancer progression by HSPG is 

the activation of oncogenic pathways including Wnt, FGF, VEGF or PDGF6,11,12. Modification of 

the 6-O-sulfate-dependent signaling pathways observed in cancer diseases supports the importance 

of the Sulf enzymes in the regulation of the HS-network during cancer progression. 

 

1.5 SULF2 in cancer 

There is growing evidence that SULF2 drives carcinogenesis, rather than being a correlate of the 

dysregulated oncogenic signaling6. The expression and distribution of SULF2 in tumors are 

correlated with cancer stage and predict poor survival in esophageal cancer25, hepatocellular 

carcinoma (HCC)26, and pancreatic ductal adenocarcinoma (PDAC)27. In addition, promoter 

methylation of SULF2 is significantly associated with improved overall survival and 

chemosensitivity in non-small cell lung cancer (NSCLC) 28,29 and gastric cancer30,31. 

SULF2 transcripts are not detectable in non-transformed bronchial epithelial cells and are limited 

in normal lung tissue adjacent to lung adenocarcinoma and lung squamous cell carcinoma, the two 

major classes of NSCLC with upregulated SULF2 expression6,32. Knockdown of SULF2 in 

NSCLC cell lines inhibits cell proliferation and migration, increases apoptosis, and markedly 

retards tumor growth in nude mice32. SULF2 expression in the stroma of NSCLC tumors (in 

particular adenocarcinomas) promotes angiogenesis and facilitates metastasis32. Recombinant 
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HSulf-2 reduces binding of VEGF or CXCL12 to heparin in a dose-dependent manner11 and 

stimulates formation of extensive vessel branches in vivo15. Neovascularization is now an 

established tumorigenic mechanism of SULF2 activity.   

SULF2 enhances the canonical Wnt signaling that leads to the translocation of β-catenin to the 

nucleus for transcriptional activation33. Emerson and Ai proposed that removal of the 6-O-sulfate 

by SULF2 reduces Wnt binding sites on HSPG, which liberates Wnt ligands for downstream 

signaling on the cell surface34. This was confirmed in pancreatic cancer cells where Sulfs 

potentiated the autocrine Wnt signaling and enhanced growth and tumorigenicity of cancer cells 

both in vitro and in vivo35. In  addition, SULF2 increases endogenous Wnt3a expression and 

upregulates the GPC3-dependent canonical Wnt/β-catenin signaling in HCC36. SULF2 even 

increases the HSPG-specific binding of FGF-2 to HCC cells through reversely stimulating the 

expression of GPC326.   

In spite of these elegant studies described above, the enzymatic activity and pathophysiology of 

SULF2 is only partially understood. Details of the substrate selectivity among the variety of 

HSPGs is only beginning to be elucidated. siRNA-induced SULF2 knockdown in NSCLC cell 

lines leads to a genome-wide change in gene expression whose range is much broader than 

expected, including immune response, cell proliferation, differentiation, and DNA-damage 

responses pathways28. SULF2 is considered as a direct target of p53 but more information is needed 

to locate SULF2 in the regulatory network of tumorigenesis37. Nonetheless, SULF2 has shown a 

broad regulatory influence on the oncogenic signaling pathways. Together with the novel 

monoclonal anti-SULF2 antibody 5D5 38,39, SULF2 has shown its potential as a therapeutic target 

for the treatment of cancer diseases.  
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1.6 SULF1 in cancer 

Unlike the commonly reported upregulation and oncogenic effect of SULF2 in cancer, the role of 

SULF1 in carcinogenesis is more controversial. Widespread downregulation of SULF1 transcripts 

are observed in cancer cell lines of ovarian, breast, kidney, gastric, and liver as well as 75% of 

primary ovarian cancer specimens40,41. Previous reports suggested a tumor suppressor role for 

SULF1 in a subset of tumors including ovarian cancer, breast cancer, and liver cancer42. 

Overexpression of SULF1 in ovarian cancer cell lines inhibited phosphorylation of EGFR induced 

by HB-EGF and phosphorylation of ERK induced by FGF2, reduced cell proliferation, and re-

sensitized the cells to apoptosis induced by chemotherapeutic agent cisplatin41. Forced expression 

of SULF1 even significantly inhibited the growth of HCC cell lines in vitro and delayed the growth 

of HCC xenografts in nude mice in vivo42,43. 

In contrast, increased SULF1 expression is also observed in a wide range of human tumors 

including breast cancer, HCC, pancreatic, gastric cancer, and lung cancers6,42. In urothelial 

carcinoma, higher SULF1 expression level is significantly associated with advanced primary 

tumor status, higher histological grade and worse survival outcomes in patients44. SULF1 is 

upregulated in NSCLC cell lines and tissues and the knockdown of SULF1 could inhibit cell 

proliferation, migration, and invasion and promote cell apoptosis in NSCLC45. 

Therefore, the role of SULF1 in tumorigenesis remains unclear to date even though different 

studies argued that SULF1 serves an inhibitor of motility, invasion and angiogenesis. Considering 

the diversity of HS-dependent signaling pathways, the impact of the SULFs, especially SULF1, 

depends on the context and the exact signaling altered in different tumors. Thus, more 
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investigations are required to determine the expression of SULF1 during tumor progression and 

its contribution to carcinogenesis. 

 

1.7 Head and neck squamous cell carcinoma  

Head and neck squamous cell carcinoma (HNSCC), the sixth leading cancer worldwide, arises 

from the transformation of squamous epithelia of the oral cavity, laryngeal, and hypopharyngeal 

regions. HNSCC is a significant public health concern. The five-year overall survival rate of 

HNSCC patients is approximately 40% and poor outcomes are, at least in part, due to the lack of 

suitable markers for the efficient detection of early-stage cancers with favorable clinical 

outcomes46.  

Dominant etiologies of HNSCC include alcohol intake, smoking, and infection with the human 

papillomavirus (HPV). HPV is responsible for 50-80% of oropharyngeal cancers , a disease  with 

different molecular pathogenesis from the HNSCC caused by smoking or drinking47. This is 

important because oropharyngeal tumors of HPV origin occur in younger patients, have basaloid 

histology, and better prognosis; they are therefore considered a separate entity and detection of 

HPV is considered a useful prognostic molecular marker48. Additional markers are, however, 

lacking and there is an urgent need for efficient screening tools or clinical diagnostic tests that will 

reduce the proportion of patients (about 60%) who present with advanced disease49,50. We examine 

in our studies the HSPG interactome as a new set of candidate biomarkers for the early detection 

of HNSCC.  
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1.8 Hypothesis and aims 

Based on the previously published findings of SULFs in cancer, we believe that the pathways 

driving HNSCC that depend on HS, such as the TGFb and EGFR pathways, will be influenced by 

SULF1 and SULF2 activity. Moreover, other signaling pathways, such as the VEGF-induced 

angiogenesis pathway and pathways related to other HS-binding ligands, may also contribute to 

the disease progression of HNSCC. Therefore, instead of exploring a variety of HS-dependent 

signaling pathways each potentially involved in HNSCC, we conduct a translational study that 

focuses on SULFs expression and association with clinical outcomes in patient samples. We 

hypothesize that SULF1 and SULF2 regulate HS-binding signaling activities by editing the 6-O-

sulfate of HSPG and thereby influencing the tumor progression process of HNSCC (Figure 3). 

Our study is designed to answer the four questions: 1. How does SULF1 and SULF2 expression 

vary in HNSCC compared to normal tissue? 2. Is there a relationship between SULF1 and SULF2 

expression and clinical outcomes? 3. Could SULF1 and SULF2 serve as biomarkers or therapeutic 

targets? 4. Do SULF1 and SULF2 behave similarly across cancer types? 

 

 

Figure 3. A hypothetical model of SULFs activities in HNSC 
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1.9 Significance of the study 

In spite of the many advances in our understanding of prevention and treatment of cancer, the 

mortality rates of HNSCC have not significantly changed in the last 40 years46. Novel diagnostic 

options, tailored interventions, and novel therapeutic regimens continue to be tested in search of 

improved HNSCC management but have as yet marginal impact. Limited survival is in part due 

to the lack of suitable markers for early detection, which results in a high proportion of patients 

presenting with advanced disease.  

Studies in our laboratory show that HNSCC tumors express higher amounts of the SULF2 protein51.  

Dysregulation of HS-binding proteins, including SULF1 and SULF2, are frequently observed in 

cancer, and other studies have documented that the distribution of SULF2 in several cancer 

diseases (NSCLC, HCC, esophageal cancer, or breast cancer) is associated with poor survival6. 

Our studies explore the effect of SULF1 and SULF2 expression in HNSCC tumors and their 

association with clinical outcomes. Our translational study of HNSCC indicates that both SULF1 

and SULF2 are upregulated in HNSCC and this upregulation is associated with poor outcomes. 

We further initiated serologic screening of HS-binding proteins significantly elevated in tumor 

compared to adjacent normal tissue of the HNSCC patients.  Our study suggests that the association 

of SULFs with clinical outcomes of cancer patients is common to the HNSCC and other cancers, 

which opens new avenues for the early detection and treatment of multiple cancer diseases. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Differential expression analysis of RNA-seq data of HNSCC in The Cancer Genome 

Atlas  

Gene expression data of 499 HNSCC patients quantified by RNA-seq in the Cancer Genome Atlas 

(TCGA) and corresponding clinical information were downloaded from UCSC-Xena (version: 09-

14-2017) and supplemented by the TCGA group paper52. HTseq-count values were log2(counts+1) 

transformed for statistical analysis. Among the 499 cancer patients, 43 patients with RNA-seq data 

available for both tumor and adjacent benign tissues were selected for the analysis of differential 

gene expression.  

Differential expression was analyzed by paired t-test and empirical Bayes approach was used to 

validate the statistical significance. To reduce tissue heterogeneity, a subset of 16 pairs of samples 

classified as squamous histology and containing at least 30% squamous epithelium was further 

selected from the group of 43 paired samples. Genes that passed all analyses (p-value <0.05) were 

considered consistently differentially expressed between tumor and the adjacent normal tissues. In 

addition, gene expressions were quantified by median of RNA-seq counts value of tumor and 

benign tissues from the 43-paired samples from TCGA. 

Evaluation of the relationship between gene expression and clinical characteristics was performed 

in all 499 HNSCC patients using RNA-seq data of their tumor tissues. One-way ANOVA was used 

to assess the difference in gene expression among patients categorized by clinical variables with 

more than two attributes (e.g. tumor location) followed by Bonferroni adjustment for multiple 

comparisons. Other differences were analyzed by unpaired t-test. 
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2.2 Survival analysis of HNSCC patients based on the RNA-seq data in TCGA 

We used two time-to-event endpoints, overall survival (OS) and progression-free interval (PFI), 

as the clinical outcomes of the HNSCC patients. OS was defined as the period from the date of 

diagnosis until the date of death from any cause or until the date of last contact. PFI was defined 

as the period from the date of diagnosis until the date of the first occurrence of a new tumor event 

(such as local, regional or distant-recurrence), death attributed to cancer, or the development of a 

new primary tumor53.  

The impact of Sulfs and other HS-related enzymes expression on OS and PFI was assessed using 

the Kaplan-Meier method. The cutoff value to define the high and low gene expression was 

determined by the value that yields the smallest p-value when the low vs high expression groups 

were compared, respectively.  

Multivariable adjusted Cox proportional hazards models were conducted, adjusting for age, gender, 

smoking status, tumor stage, and radiation therapy, which are variables known to impact survival 

outcomes of HNSCC patients. To avoid loss of power, we included key confounding variables 

such as tumor stage and radiation therapy with <20% missing values by treating missing data as a 

‘Not available’ category. Other confounding variables such as HPV status or tumor locations were 

not included because HPV status has >32% missing data and tumor location was not statistically 

significant in the Kaplan-Meier analysis. Patients with tumor diagnosed as stage I and stage II are 

categorized as early stage while stage III and IV as late stage according to the 7th Edition of the 

American Joint Committee on Cancer Staging system. The hazard ratio (HR) and p-value of the 

association between SULF mRNA expression and clinical outcomes of HNSCC patients in the 



17 

 

early- and late-stage patients was calculated by a Log-rank model. Detailed patient characteristics 

in the TCGA dataset are illustrated in Table 1.  

Table 1. Clinical information of 499 patients in the TCGA-HNSC study 

Gender 
Male 366 (73.3%) 

Female 133 (26.7%) 

Tumor 

stage 

Stage I & II 97 (19.4%) 

Stage III & IV 346 (68.3%) 

Unknown 61 (12.3%) 

Radiation 

Therapy 

Yes 274 (54.9%) 

No 148 (29.7%) 

Unknown 77 (15.4%) 

                               Etiology HPV+ HPV- Unknown 

Tumor 

Location 

hypopharynx 2 (25.0%) 2 (25.0%) 4 (50.0%) 

oral cavity 24 (7.3%) 185 (56.1%) 121 (36.6%) 

oropharynx 32 (66.7%) 9 (18.7%) 7 (14.6%) 

larynx 2 (1.8%) 79 (69.9%) 32 (28.3%) 

 

 

2.3 Survival analysis of HNSCC patients based on IHC staining of the SULF2 protein in 

tumor tissues 

A set of 124 patients who underwent surgery for oral squamous cell carcinoma (OSCC) at the 

Medstar Georgetown University Hospital (MGUH) between 1996 and 2014 were enrolled in the 

survival study in line with informed consent and protocols approved by the Institutional Review 
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Board. Clinical data for all the participants were extracted from medical records. Tumor stage was 

classified according to the 7th Edition of the American Joint Committee on Cancer Staging system. 

OS and PFI for patients in this cohort are calculated according to clinical records in the same way 

as the TCGA analysis. Sections of the FFPE tumor and adjacent normal tissues were stained with 

an anti-SULF2 monoclonal antibody 8G1 and evaluated by a clinical pathologist as described 

previously51. A combined score of intensity and distribution (both scores range from 0 to 3) was 

used to evaluate patient survival using both Log-rank model and the Multivariable adjusted Cox 

proportional hazards models. Patient characteristics are illustrated in Table 2.  

 

Table 2. Clinical information of 124 OSCC patients enrolled in the study at GUMC. 

Gender Male 68 (54.8%) 

Female 56 (45.2%) 

Tumor stage Stage I & II 61 (49.2%) 

Stage III & IV 61 (49.2%) 

Unknown 2 (1.6%) 

Radiation 

Therapy 

(received after 

surgery) 

Yes 56 (45.2%) 

No 52 (41.9%) 

Unknown 16 (12.9%) 

 

The 8G1 antibody was provided by Dr. Lemjabbar-Alaoui, University of California, San 

Francisco38. Specificity of the 8G1 antibody for the SULF2 protein was validated by Millipore 

(https://www.emdmillipore.com/US/en/product/Anti-Sulf-2-Antibody-clone-8G1,MM_NF-

MABC586#anchor_COA). Optimization of the immunohistochemical (IHC) use of the 8G1 

antibody, including antigen retrieval and dilutions of the antibodies, were carried out by standard 
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IHC procedures at the Histopathology and Tissue Shared Resource, Lombardi Comprehensive 

Cancer Center, Georgetown University Medical Center. Specificity of the 8G1 antibody for the 

SULF2 protein in our IHC assays was tested in HEK293 cells (negative control) and HEK293 cells 

transfected with SULF2 (positive control) embedded in FFPE blocks. Final optimization of the 

antibody was done using a combination of lung cancer and HNSCC tissue sections that were 

positive and negative for HSulf-2 and minus primary negative controls. 

 

2.4 IHC staining of the 6-O-sulfate of HSPG and Ki67 in HNSCC tumor sections 

Tumor and adjacent benign mucosal tissues of 40 HNSCC patients, stained previously for the 

SULF2 protein, were used for paired analysis of the 6-O-sulfated HSPG using the phage display 

antibody HS3A8 as described previously13. The HS3A8 antibody was provided by Dr. Van 

Kuppevelt, University of Nijmegen, The Netherlands. The Ki67 antigen was stained with anti-

Ki67 monoclonal antibody (Thermo Scientific) and visualized using EnVision+ horseradish 

peroxidase labeled polymer (Dako) according to the manufacturer’s instructions in the same 

sample set. Briefly, five-micron sections of the FFPE tumor sections were de-paraffinized with 

xylenes and rehydrated through a graded alcohol series. Slides were treated with 3% hydrogen 

peroxide and 10% normal goat serum for 10 minutes each, and exposed to primary antibodies for 

Ki67 (Thermo Scientific) overnight at room temperature. Slides were incubated with EnVision+ 

HRP labeled polymer for 30min and DAB chromagen (Dako) for 5 minutes. Slides were 

counterstained with Hematoxylin (Fisher, Harris Modified Hematoxylin), blued in 1% ammonium 

hydroxide, dehydrated, and mounted with Acrymount. Ki-67 was scored as proportional number 

of Ki-67 stained cells (in %) and intensity score in tumor tissue.  



20 

 

2.5 LC-MS/MS analysis of HSPG sulfation in tumor tissues  

Samples of 21 patients were selected for analysis based on SULF2 IHC staining (10 SULF2-

positive samples and 11 SULF2-negative samples). SULF2-positive tumors were defined as 

combined score>5 (intensity and distribution from the IHC staining of SULF2) while SULF2-

negative tumors were defined as combined score=0. Three consecutive 10 µm FFPE sections were 

used as technical replicates for the LC-MS/MS evaluation of HS in HNSCC. An area of 2 mm in 

diameter with homogenous tumor cell content and uniform SULF2 staining was marked by a 

pathologist for on-slide serial enzymatic digestion and extraction of the HS chains as described54. 

Briefly, the FFPE sections were first deparaffinized and washed with a series of xylene (Millipore) 

and ethanol washes (Fisher Scientific), followed by on-slide enzymatic digestion with multiple 

glycosidases54, to cleave the polysaccharide chains into disaccharide units. The extracted HS 

disaccharides were desalted by size exclusion chromatography and analyzed by LC-MS/MS on an 

Orbitrap-XL54. The relative abundance of HS disaccharides represents the composition of the HS 

polysaccharide chains. The mean values of the three replicates were used for further statistical 

analysis. 

 

2.6 qRT-PCR of HS biosynthetic enzymes 

Enzymes involved in the formation of 6-O-sulfate of HSPG including EXT1, EXT2, NDST1, 

HS6ST1, HS6ST2, SULF1 and SULF2 were measured by qRT-PCR in mRNA extracted from the 

circled homogenous tumor tissues of FFPE sections locating on the same area as samples examined 

for HS composition by LC-MS/MS. Primers of the target genes were optimized for short template 

sequence considering the mRNA extraction from FFPE samples. The mRNA was extracted from 
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homogeneous areas of 21 tumor samples selected by pathological examination as described above 

(same tissues were used for LC-MS/MS analysis of the HS) using Pinpoint Slide RNA Isolation 

System II (Zymo Research). The mRNA (5 ng/µl) was used for reverse transcription (total volume 

20 µl) using Superscript IV First Strand Synthesis System (Invitrogen) and 1 µl of the cDNA 

product was used in the qRT-PCR reaction with 100 nM primers using Power SYBR Green PCR 

Master Mix (Applied Biosystems). Comparative Ct method (ΔΔCT) for relative quantitation of 

gene expression was normalized to the expression of 18sRNA.  

 

2.7 Differential protein expression and biomarker discovery in CPTAC proteomics data 

Proteomics data of 108 HPV-negative HNSCC patients from the Clinical Proteomic Tumor 

Analysis Consortium (CPTAC) project and corresponding clinical information were downloaded 

from the CPTAC data portal55. Global proteome analysis was performed using an optimized 

workflow for mass spectrometry of tissues using isobaric tags (TMT (tandem mass tags)-11)56. 

Quantification of 10,250 proteins detected in 108 tumor and 64 paired normal tissues were 

represented as ‘Unshared Log Ratio’ to an internal control. Differential expression analysis of 

protein abundance was conducted in 64 patients with paired tumor and normal tissues by paired t-

test. Log transformed fold-changes (log2FC) comparing each tumor to its paired adjacent-normal 

tissue were computed by difference of the Unshared Log Ratios of the individual proteins. 

To identify potential biomarkers for the early detection of HNSCC, we calculated the value of ‘two 

standard-deviations above the average’ based on the Unshared Log Ratio in the set of 64 normal 

samples for each protein; we used this value as a cutoff (2SD-cutoff) to test prediction accuracy 
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and to calculate AUROC of the 108 tumor samples. Clinical information of the 108 HNSCC 

patients are illustrated in Table 3 

Table 3. Clinical information of 108 HPV-negative HNSCC patients in CPTAC 

gender female 14 (13.0%)  

male 94 (87.0%)  

stage stage I & II 32 (29.6%)  

stage III & IV 76 (70.4%)  

Location   Early stage Late stage 

hypopharynx  2 

oropharynx 1 5 

larynx 12 35 

oral cavity 19 34 

histological grade   Early stage Late stage 

G1 7 13 

G2 22 55 

G3 3 8 

 

 

2.8 ELISA of candidate proteins in serum samples  

The measurement of 10 candidate biomarker proteins was performed in serum samples of 26 

HNSCC patients, collected prior to surgery at the Medstar Georgetown University Hospital, and 

from 14 healthy controls matched to the cases on age, gender, race and smoking history. The serum 

concentration of target proteins was examined in duplicate by commercial ELISA kits according 

to the manufacturer’s instructions. Selection of ELISA kits was decided by reviewing published 
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literature for reliable kits and detection range of target proteins comparable to the concentration in 

human serum samples from other diseases as reference. 

We used the following protein assays: PLAU (BOSTER, #Cat:EK0535), SLC3A2 (Aviva, 

#Cat:OKDD06408), TNC (Aviva, #Cat:OKAN05435), LAMC2 (Aviva, #Cat:OKAN06625), 

COL12A1 (MyBiosource, #Cat:MBS9136672), TFRC (MyBiosource, #Cat:MBS9137903), 

SULF1 (Cusabio, #Cat:EL022930HU-96), PTK7 (Cusabio, #Cat: EL018996HU-96), THBS2 

(R&D, #Cat:DTSP20), MMP14 (R&D, #Cat:DY918). The ELISA kits that have been validated in 

published studies were prioritized for the experiments of THBS257,58, PLAU59,60, MMP1461,62, 

TFRC63, TNC64,65, and LAMC266,67.  

The standard curves for individual proteins were established using the standard proteins provided 

in the kit. The dilution ratio was determined based on their detection range that overlaps with the 

published concentration of the proteins in serum. Four proteins SLC3A2, SULF1, PTK7 and 

COL12A1 did not have any available reference for protein concentration or kit selection, so the 

available ELISA kits with highest sensitivity and reliable supply were selected. The ELISA kit for 

SULF1 was validated with conditioned medium from HEK293f cells stably transfected with 

human SULF1 or SULF2 to test if the kit has cross-reactivity with SULF2 because of the structural 

similarity between SULF1 and SULF2. Unfortunately, the ELISA kit for SULF1 has obvious 

cross-activity with SULF2, thus the measurement of SULF1 was omitted. 

 

2.9 SULF mRNA expression in 32 cancer studies from the TCGA 

RNA-seq data and clinical information of the 9,160 patients enrolled in 32 cancer studies 

conducted by TCGA and corresponding non-disease tissues (same tissue of origin) from the 
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Genotype-Tissue Expression (GTEx) study were downloaded from UCSC-Xena 

(https://xenabrowser.net/datapages/). We quantified gene expression as log2(RSEM_counts+1) in 

both TCGA and GTEx samples. We selected TCGA cancer studies with n>3 of paired tumor and 

normal tissues for differential expression analysis to calculate the log2FC and p-value by paired t-

test. Evaluation of the SULF expression at different stages of the cancer diseases was analyzed by 

one-way ANOVA followed by Bonferroni adjustment of the significance.  

 

2.10 SULF protein expression in 11 cancer studies from CPTAC 

Proteomics data and clinical information of 1,247 patients enrolled in 11 cancer studies conducted 

by the CPTAC were downloaded from the Proteomics Data Commons 

(https://proteomic.datacommons.cancer.gov/pdc/). Protein abundance was quantified as Unshared 

Log-Ratio of individual proteins to an internal control of each study. We analyzed the differential 

expression between tumor and paired normal tissues by paired t-test of 10 of the 11 studies with 

matched tissue-pairs except glioblastoma which did not include any adjacent normal samples. We 

analyzed Sulfs expression at different stages of the cancer diseases by one-way ANOVA followed 

with Bonferroni adjustment of the significance.  

 

2.11 Pan-cancer analysis of survival based on SULF mRNA in TCGA 

The impact of SULF mRNA expression on survival outcomes (OS and PFI) was evaluated by a 

Log-rank model in the 32 cancer studies conducted by TCGA consortium as described above. We 

selected the cutoff used to define patients with high expression of the SULF1 or SULF2 mRNA 
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as a value that yields the smallest p-value within the range of 25%-75% patients in the group of 

high expression of each cancer study. 
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CHAPTER 3. EXPRESSION OF SULF1 AND SULF2 IN HNSCC AND THEIR 

ASSOCIATION WITH CLINICAL OUTCOMES  

3.1 SULF1 and SULF2 expression in HNSCC 

We analyzed differential expression of both SULF1 and SULF2 in 43 patients from the TCGA-

HNSC study with RNA-seq results of paired tumor and adjacent benign mucosal tissue. We 

observed that both SULF1 and SULF2 are significantly upregulated in tumor tissues with a 5.1- 

and 2.2-fold increase compared to the adjacent benign tissues, respectively (both p<0.001, paired 

t-test, Figure 4A). The fold-change of SULF1 and SULF2 upregulation in tumor among these 43 

patients is moderately correlated (Pearson’s r=0.563, p<0.001, Figure 4B), as is the mRNA 

expression in tumor tissues in all 499 patients in the TCGA-HNSC (Pearson’s r=0.390, p<0.001). 

Neither SULF1 nor SULF2 differ between early and late-stage tumors (Figure 4C). 

 

 

Figure 4. Expression of SULF1 and SULF2 mRNA in HNSCC tumor and adjacent tissues. 

(A) Upregulated SULF1 and SULF2 mRNA in tumor compared to benign tissues in patients from 

TCGA (p<0.0001 for both SULFs, n=43, paired t-test). (B) Correlation of fold change between 

tumor and benign tissues for SULF1 and SULF2 in patients from TCGA (r=0.563, p<0.0001, n=43, 

Pearson correlation). (C) SULF1 and SULF2 mRNA in HNSCC tumor tissues does not differ 

between the early (stage I and II, n=97) and late (stage III and IV, n=346) stage tumors. 
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The HNSCC population from TCGA consists of tumors located in the oral cavity (n=330, 66%), 

larynx (n=113, 22%), oropharynx (n=48, 10%), and hypopharynx sites (n=8, 2%) (Table 4). Both 

SULF1 and SULF2 expression showed significant differences in the tumors of some locations 

(p=0.018 for SULF1, Figure 5A; p<0.001 for SULF2, Figure 5B, one-way ANOVA). SULF1 

expression is highest in the larynx while SULF2 expression is highest in the oral cavity, but the 

most remarkable is the low expression of both SULF1 and SULF2 in the oropharynx. 

This may reflect different etiology of the oropharyngeal tumors47. It is well established that 

HNSCC caused by HPV infection, which mostly occurs in the oropharynx, differs from the 

HNSCC caused by tobacco and alcohol. The HPV-related tumors have different molecular 

characteristics and better clinical outcomes47. In the TCGA cohort, 12% (n=60) of the 499 patients 

are HPV-positive, 55% are negative (n=275), and 33% (n=164) were not classified (Table 4). We 

observed that 67% of the oropharyngeal tumors are positive for HPV infection (n=32 of 48) 

compared to 6% of tumors of other locations (n=28 of 452), in line with expectations.  

SULF1 and SULF2 mRNA expression are significantly different between the HPV-positive tumors 

and other tissues (p<0.001 for both genes, one-way ANOVA, Figure 5C) with >2-fold lower 

expression in the HPV-positive tumors compared to HPV-negative tumors for both enzymes 

(Table 4). SULF1 is significantly higher in HPV-positive tumors compared to the subset of 43 

available normal tissues (p<0.001) but SULF2 does not differ between HPV-positive tumors and 

normal mucosa, suggesting that their expression is regulated differently. To clarify the reason for 

low expression of SULF2 mRNA in HPV-positive tumor, we compared SULF1 and SULF2 mRNA 

expression between oropharynx tumor (n=32) and other locations (n=28) in the subset of HPV-

positive tumor and found no significant difference (p=0.662 for SULF1, p=0.166 for SULF2). On 
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the contrary, in the subset of oropharynx tumor, SULF2 is significantly higher in HPV-negative 

tissues than in HPV-positive tissues (log2FC=1.536, p=0.009) whereas SULF1 remains the same 

(n=0.161). This result suggests that SULF1 expression is upregulated in both smoking/drinking 

and HPV etiology of HNSCC but SULF2 overexpression is specific for the smoking/drinking-

related disease. This also explains lower mRNA of both SULFs in the oropharynx compared to the 

other locations (Table 4), which is consistent with the low expression of the SULF2 protein in the 

oropharyngeal tumors observed in our previous study51.  

We performed IHC staining of Ki67, a cell proliferation marker, in 40 patient samples stained with 

SULF2 protein in our previous study51, to further evaluate the association between SULF2 

expression and aggressiveness of tumor cells. We evaluated the distribution of Ki67 in tumor cells 

and used staining ≥ 20% in tumor cells to define highly proliferative tissue, in line with previous 

reports68. We found that SULF2 staining is significantly higher in tumor samples with high Ki67 

staining (p<0.001, n=40, Figure 5D). The results suggest that SULF2 overexpression is associated 

with proliferative activity of the tumor cells.  In summary, the results show that the expression of 

SULF1 and SULF2 increases in HNSCC tumors and is associated with important tumor 

characteristics including location, etiology, and proliferation. 
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Table 4. Association of the SULF mRNA expression in tumor tissues with clinical 

characteristics of 499 HNSCC patients from the TCGA study. SULF1 and SULF2 expression 

is presented as log2(counts+1) of the RNA-seq data. One-way ANOVA was used to evaluate 

differences in the expression of the SULF mRNA between different groups of patients. 

 

SULFs mRNA expression in TCGA-HNSC 

Tumor location SULF1 mRNA SULF2 mRNA 

Oral cavity (n=330) 11.92 ± 0.10 13.87 ± 0.07 

Larynx (n=113) 12.44 ± 0.17 13.38 ± 0.14 

Oropharynx (n=48) 11.54 ± 0.26 12.97 ± 0.23 

Hypopharynx (n=8) 12.04 ± 0.60 13.13 ± 0.44 

P-value 0.018 <0.001 

HPV infection SULF1 mRNA SULF2 mRNA 

HPV – (n=275) 12.46 ± 0.11 13.92 ± 0.08 

HPV + (n=60) 11.49 ± 0.23 12.81 ± 0.18 

Normal (n=43) 10.17 ± 0.17  12.58 ± 0.16 

P-value <0.001 <0.001 

Tumor stage SULF1 mRNA SULF2 mRNA 

Stage I & II (n=97) 11.90 ± 0.17 13.92 ± 0.12 

Stage III & IV (n=346) 12.09 ± 0.10 13.63 ± 0.08 

P-value 0.398 0.058 
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Figure 5. SULF mRNA expression is related to HNSCC clinical characteristics. (A) SULF1 

and (B) SULF2 mRNA in tumor tissues of different locations of the 499 patients (one-way 

ANOVA with Bonferroni correction, adjusted p-value is listed). (C) SULF1 and SULF2 mRNA in 

tumors from the TCGA study vary by the HPV status (p<0.0001 for both transcripts, n=335, one-

way ANOVA). (D) IHC staining of SULF2 protein in tumor varies by percent of Ki67 IHC staining 

in the FFPE tumor sections (n=40). 

 

 

3.2 Prognostic impact of SULFs mRNA and protein expression in HNSCC patients 

We first evaluated the association of SULF1 and SULF2 mRNA expression with PFI in the TCGA-

HNSC project (n=499 patients). Univariate analysis shows that high SULF2 mRNA expression is 

significantly associated with poor PFI of HNSCC patients (HR=1.653, p=0.001, Figure 6B); the 

impact of SULF1 (HR=1.408, p=0.075, Figure 6A) shows a similar trend but does not reach 

significance. Adjusted Cox proportional hazards model shows the expected influence of tumor 
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stage on survival; patients with late-stage tumors (stage III and IV) have significantly worse 

outcomes compared to the patients with early-stage tumors (stage I and II) (HR=2.11, p<0.001, 

Figure 6D). The influence of SULF2 mRNA expression remains significant after all adjustments 

(HR=1.58, p=0.006) while SULF1 mRNA shows no association with the PFI of patients after 

adjustment (Figure 6D).  

The association was further evaluated at the protein level by IHC staining of tumor FFPE sections 

from 124 OSCC patients (Table 2). We selected OSCC patients because of the homogeneity of 

the disease in this location and because of the similarity of its treatment (primarily surgery) which 

makes the evaluation of the survival outcomes more reliable than the analysis of other locations, 

which are, in addition, less represented. In our univariate model, the association of SULF2 protein 

with PFI of HNSCC patients shows the same trend as SULF2 mRNA; patients with tumor positive 

for SULF2 protein show worse clinical outcomes than patients with negative SULF2 but the 

difference does not reach statistical significance (HR=1.630, p=0.199, Figure 6C) which is likely 

due to the small sample size and semi-quantitative nature of the IHC measurement. In the adjusted 

analysis, we observe significant impact of tumor stage on PFI (HR=2.23 for late stage, p=0.050). 

Impact of the SULF2 protein in the adjusted model is similar to the result in the univariate model 

(HR=1.80, p=0.183, Figure 6E). We did not evaluate SULF1 because we did not have reliable 

antibodies for the IHC visualization of the protein.  

 



32 

 

 

Figure 6. SULF2 expression in tumor is associated with PFI of HNSCC patients. (A) high 

SULF1 mRNA in tumor tissues is marginally associated with poor PFI (n=499, p=0.075); (B) high 

SULF2 mRNA in tumor tissues is associated with poor PFI (n=499, p=0.008); (C) positive IHC 

staining for SULF2 protein in tumor tissues follows a similar trend (p=0.199). Multivariate 

survival model adjusted for age, gender, smoking history, tumor stage, and radiation therapy to 

evaluate PFI outcomes in the following context: (D) SULF mRNA expression in 499 patients from 

TCGA-HNSCC and (E) SULF2 protein in 124 patients from GUMC. 

 

We observe similar trends in the analysis of OS with both SULF1 (HR=1.526, p=0.009) and 

SULF2 (HR=1.482, p=0.008) mRNA significantly associated with poor clinical outcomes (Figure 

7A, 7B). SULF2 remains significant in the adjusted model (HR=1.36, p=0.049, Figure 7D) but 

SULF1 does not. Tumor stage shows consistently strong influence on the OS (HR=2.34, p<0.001), 

as expected (Figure 7D, 7E). Patients receiving radiation therapy have significantly better survival 
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outcomes than patients not receiving the treatment (HR=0.51, p<0.001, Figure 7D). Similar to the 

impact on PFI, patients with SULF2-positive tumor tend to have worse outcomes but the difference 

does not reach statistical significance (HR=1.5, p=0.345, Figure 7C, 7E). Overall, high expression 

of SULF2 is associated with both poor OS and PFI in HNSCC patients.  

 

 

Figure 7. SULF2 expression in tumor is associated with overall survival of HNSCC  

patients. (A) high SULF1 mRNA in tumor tissues is associated with poor OS in 499 patients 

(HR=1.526, p=0.009); (B) high SULF2 mRNA in tumor tissues is associated with poor OS in 499 

patients (HR=1.487, p=0.007); (C) Positive IHC staining of SULF2 protein in tumor tissues has a 

poor survival trend (HR=1.617, p=0.207); a multivariate OS model evaluating the impact of (D) 

SULF mRNA expression in 499 patients from the TCGA-HNSCC and (E) SULF2 protein in 124 

patients from GUMC 
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The survival analysis of SULF1 and SULF2 mRNA regarding both PFI and OS of HNSCC patients 

suggests that the association between SULF1 overexpression and poor clinical outcomes of 

patients is dependent on tumor stage but the prognostic impact of SULF2 is resistant to the 

adjustment of tumor stage in the Cox model. We then performed the survival analysis in TCGA 

patients with early- or late-stage HNSCC tumors, separately, to determine the survival impact of 

SULF expression during disease progression. Even though SULF expression does not differ 

between patients with early- and late-stage tumors (Figure 4C), survival of the patients differs 

based on both SULF1 and SULF2 content. High SULF1 mRNA expression in tumor is specifically 

associated with poor PFI outcomes in early-stage patients (HR=2.327, p=0.023, log-rank model, 

Figure 8A) but not in late-stage patients (HR=1.034, p=0.842, Table 5). On the contrary, SULF2 

mRNA overexpression is significantly associated with poor PFI outcomes in late-stage patients 

(HR=1.794, p<0.001, Figure 8B) but not in early-stage patients (HR=1.457, p=0.866, Table 5).  

 

  

Figure 8. Impact of SULF1 and SULF2 on the PFI of early- and late-stage HNSCC patients. 

(A) high SULF1 mRNA in tumor tissues is associated with poor PFI in 96 early-stage patients 

(HR=2.327, p=0.023, log-rank model); (B) high SULF2 mRNA in tumor tissues is associated with 

poor PFI in 346 late-stage patients (HR=1.932, p<0.001, log-rank model). 
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Interestingly, this pattern of temporally different association with clinical outcomes is only 

observed for SULFs expression regarding PFI but not OS. SULF1 is not associated with OS in 

either early- or late-stage patients while SULF2 remains associated with poor clinical outcomes 

(HR=1.794, p<0.001, Table 5). The lack of significance in the analysis of OS suggests that the 

time-sensitive pattern of adverse prognostic impact of SULF1 expression in tumor tissues is related 

specifically to the cancer disease outcomes rather than comorbidities of HNSCC. We expect that 

the result points to a biological difference in the mechanism of action of the two enzymes.  

 

Table 5. SULF1 and SULF2 mRNA have different impact on survival in patients with 

early- and late-stage HNSCC tumors 

 

Survival analysis Early stage (I&II) Late stage (III&IV) 

PFI 
 

HR P-val HR P-val 

 SULF1 2.327 0.023 1.034 0.842 

 SULF2 1.457 0.866 1.932 <0.001 

OS 
 

HR P-val HR P-val 

 SULF1 1.748 0.123 1.202 0.242 

 SULF2 0.983 0.969 1.794 <0.001 

 

 

3.3 Influence of SULF1 and SULF2 expression on the 6-O-sulfate of HSPG 

SULF1 and SULF2 remove 6-O-sulfate groups from the glucosamine residue of the mature HS 

chains in the extracellular environment. This post-synthetic editing is critical for ligand distribution 

and several studies in cell models document that inhibition or knock out of the SULFs leads to an 

increase in the 6-O-sulfated disaccharides4,69. We analyzed the 6-O-sulfate content of HSPG in 

tumor (and adjacent benign) tissues selected based on SULF2 expression determined by IHC of 
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the FFPE sections (n=40) as described above. We used two previously established methods to 

evaluate the 6-O-sulfate content in these FFPE sections: 1) an IHC staining assay using HS3A8 

antibody that specifically recognizes 6-O-sulfated epitopes13 and 2) an LC-MS/MS assay 

quantifying six resolved disaccharide units in the enzymatically digested HS chains54. The 

pathologist evaluated staining intensity in the epithelial tumor cells; the stroma was not evaluated 

because of the heterogeneity and difficulty to score consistently the non-epithelial compartment. 

The IHC staining of the 6-O-sulfated epitopes in FFPE sections (n=40) was significantly lower 

(p<0.001 for distribution, intensity and the combined score) in tumors compared to adjacent benign 

tissues (Figure 9A). We further expected that high expression of SULF2 protein by IHC will be 

associated with lower content of the 6-O-sulfate in HS chains but the analysis of the same tumor 

sections by SULF2 content did not show differences in the 6-O-sulfate staining (Figure 9B). We 

do not know the reason but it is plausible that synthesis of the HS chains, SULF1 content, or local 

density (see below) all contribute to the heterogeneity that makes this in vivo quantification less 

sensitive than needed to confirm our hypothesis.  

 

 

Figure 9. IHC staining of HNSCC sections with an antibody to the 6-O-sulfated epitope. (A) 

Decreased intensity and distribution of 6-O-sulfate in tumor compared to adjacent benign tissues 

(n=40); (B) Lack of an association in the staining of 6-O-sulfate with the SULF2 status.  
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To further evaluate the composition of HS chains, we analyzed the disaccharides of HS in FFPE 

sections of ten SULF2-positive (SULF2+ve) and eleven SULF2-negative (SULF2-ve) tumors 

from 21 HNSCC patients by LC-MS/MS54 (Figure 10A). We selected these tumors for analysis 

because of clear separation by the SULF2 IHC staining and sufficiently large and homogenous 

tumor areas defined by a pathologist. However, we did not observe the expected decrease of the 

6-O-sulfated disaccharides in the SULF2+ve tumor tissues (Figure 10B). D0A0 disaccharide, 

which represents the fraction of unmodified HS chains, is the most abundant disaccharides (40%-

55% of the total disaccharides in the SULF2+ve tumors; 36%-48% in the SULF2-ve tumors). 

D0A0 is slightly higher in SULF2+ve tumor but the trend is insignificant. 

The reaction of N-Deacetylation/N-sulfation of the GlcNAc residues is a key regulatory step that 

defines the HS polysaccharide domain structure70. All subsequent modifications, epimerization of 

GlcA to iduronic acid, and various sulfation reactions occur in the vicinity of the N-sulfated 

domains70. N-Acetylation and N-sulfation, calculated by grouping corresponding disaccharide 

units together (D0A0, D0A6/D2A0, and D2A6 for N-acetylation; D0S0, D0S6/D2S0, and D2S6 

for N-sulfation), showed no significant difference between SULF2+ve and SULF2-ve tumors 

(25%-43% in SULF2-ve tumors, 24%-44% in SULF2+ve tumors, p=0.863, Figure 10B).  
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Figure 10. Disaccharide analysis of heparan sulfate from HNSCC tumor tissues. (A) 

Composition of HS chains represented by disaccharide units: one unsulfated disaccharide Δ4,5-

uronic acid-N-acetylglucosamine (D0A0); three monosulfated disaccharides Δ4,5-uronic acid-N-

acetylglucosamine-6-O-sulfate (D0A6), 2-O-sulfated Δ4,5-uronic acid-N-acetylglucosamine 

(D2A0), Δ4,5-uronic acid-N-sulfated glucosamine (D0S0); three disulfated disaccharides Δ4,5-
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uronic acid-N-sulfoglucosamine-6-O-sulfate (D0S6), 2-O-sulfated Δ4,5-uronic acid-N-

sulfoglucosamine (D2S0), 2-O-sulfated Δ4,5-uronic acid-N-acetylglucosamine-6-O-sulfate 

(D2A6); one trisulfated disaccharide, 2-O-sulfated Δ4,5-uronic acid-N-sulfoglucosamine-6-O-

sulfate (D2S6). (B) Relative quantity of the disaccharides detected in SULF2+ve tumors (n=10) 

and SULF2-ve tumors (n=11). NA represents the combined value of N-acetylated disaccharide 

units (D0A0, D0A6&D2A0, D2A6). NS represents the combined value of N-sulfated disaccharide 

units (D0S0, D0S6/D2S0, D2S6). 

 

The monosulfated disaccharide D0A6/D2A0 comprises most of the signal from the O-sulfated 

disaccharide units but reached only 16%-28% in SULF2-ve tumors and 11%-26% in SULF2+ve 

tumors, while D0S6/D2S0 is even less abundant (5%-11% in SULF2-ve tumors, 6%-10% in 

SULF2+ve tumors). The two pairs of isomer disaccharides D0A6/D2A0 and D0S6/D2S0 are not 

readily distinguishable due to their low abundance in the tumor samples. The trisulfated 

disaccharide D2S6, which is the preferred substrate of the SULF enzymes, is the least abundant 

(0.6% in SULF2+ve tumors; 0.9% in SULF2-ve tumors). The trend towards lower D2S6 in SULF2 

positive tissue is expected but insignificant (could not be verified in our assays) potentially because 

the low density of the 6-O-sulfate epitopes limits the sensitivity of our assays. As discussed above, 

it is possible that other biological factors contribute to this observation (overall synthesis of the 

HS chains, activity of SULF1, or the domain architecture of the chains)71. The physiological 

complexity of tumor samples from HNSCC patients may also impedes the measurement. This low 

abundance of O-sulfated disaccharides, averaged across the entire HS chain, suggests that we may 

need another method to definitively detect the impact of the Sulfs.  

A recent study by Esko’s group showed that knockdown of ZNF263, a negative regulator of 

HS3ST1 and HS3ST3A1, resulted in significant overexpression of the two 3-O-sulfotransferases in 

HeLa cells, followed by a redistribution of 3-O-sulfation in the HS chains72. A difference of the 

disaccharide composition was not observed except for a minor decrease of the non-sulfated 
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disaccharides (D0A0, 59.4% in wild-type Hela cells compared to 51.5% in ZNF263-/- HeLa cells); 

however, the 3-O-sulfate dependent binding of antithrombin on the cell surface increased 5-fold 

in the ZNF263-/- HeLa cells compared to the wild-type72. Such results are potentially linked to the 

domain structure where only specific regions of the entire HS chain are de-sulfated by the activity 

of the SULFs which is not detected on the overall average of the disaccharide units derived from 

the digest of the entire HS chain. 

 

3.4 Relationship between the SULFs and other HS-biosynthetic enzymes 

SULF1 and SULF2 are the only post-synthetic enzymes editing the sulfation pattern of the HSPG 

besides enzymatic degradation of the GAG chains2. However, the impact of other modifications 

(e.g. N-sulfation or 2-O- and 3-O-sulfation), localization or the type of protein carriers (e.g. 

secreted or membrane bound) on the in vivo kinetics are not fully established. These factors may 

contribute to the distribution of the sulfation epitopes in tumor tissues. To obtain a more 

comprehensive view of the HS chains, we analyzed the expression of all 29 genes needed for the 

in vivo biosynthesis of the HS chains and HPSE, the endoglycosidase that degrades heparan sulfate 

chains, based on RNA-seq data and clinical information from the TCGA-HNSC (Table 6).  

We observed that 12 of the 30 genes are significantly different between the tumor and adjacent 

normal tissues for the 43 cases with paired adjacent tissues. The same trend of differential 

expression of HS genes was observed in the 16 pairs of samples that contain at least 30% squamous 

epithelium in the normal tissues which suggests that the analysis is not affected by tissue 

heterogeneity. All four genes (EXTL2, EXTL3, EXT1 and EXT2) involved in elongation of the 

backbone of HS chains are significantly >2-fold upregulated in tumor compared to the adjacent 
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benign tissues. Among the 14 sulfotransferases catalyzing sulfation of the HS chains, three are 

downregulated in tumor (HS3ST1, HS3ST4, and HS3ST6) while others showed no difference. Both 

SULF enzymes are significantly upregulated in tumor, as mentioned above; their upregulation is 

among the highest (log2fold change) and most consistent (low p-value) among the analyzed 

enzymes which further justifies our focus on the sulfatases in HNSCC. The results suggest that we 

should observe longer under-sulfated HS chains which is in line with the observed distribution of 

the disaccharides by LC-MS/MS.  

In addition to the differential expression analysis, we also evaluated the impact of the genes on 

survival outcomes and find that 8 of the genes, including SULF2, are significantly associated with 

OS in the adjusted model. SULF2 yields the highest HR among all the enzymes involved in this 

HS synthetic pathway (Table 6). Unlike SULFs which specifically edit the 6-O-sulfate of HSPG, 

HPSE degrades the HS chains by cleaving between glucuronic acid and glucosamine of the HS 

chains. The reports on the impact of HPSE on HNSCC progression are conflicting73,74. Enhanced 

HPSE activity was previously associated with tumor invasiveness73 but the cellular expression of 

HPSE in HNSCC was also associated with prolonged OS74. In our analysis, expression of HPSE 

does not differ between the tumor and adjacent normal tissues (p=0.838) and we did not observe 

a significant impact of HPSE on the OS of the HNSCC patients (Table 6).  
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Table 6. Differential expression of the enzymes of HS-biosynthesis and their impact on 

overall survival of HNSCC patients. Gene expression is presented as average count values in 

tumor and paired benign tissues of 43 patients in TCGA-HNSC. Differential expression was 

analyzed by paired t-test. Hazard ratio and p-value were analyzed by Cox proportional model 

adjusted for age, gender, smoking history, tumor stage, and radiation therapy. 

 

Process  Gene Benign Tumor Log2FC p-value 
Hazard 

Ratio 

p-

value 

Formation of 

the linker 

region 

Initiate the linker 
XYLT1 1711 834 -0.611 0.013 1.018 0.931 

XYLT2 1191 2650 1.180 <0.001 1.785 0.006 

Add the 2nd Gal B4GALT7 1037 1321 0.344 0.990 1.636 0.006 

Add the 3rd Gal B3GALT6 904 1257 0.688 0.287 1.290 0.181 

Add the GlcA 

B3GAT1 19 14 -0.193 0.388 1.244 0.230 

B3GAT2 15 21 0.367 0.372 1.162 0.408 

B3GAT3 1033 2100 1.001 0.006 1.478 0.052 

HS-GAG 

elongation 

Add the first GlcNAc 
EXTL2 308 614 1.018 0.001 1.405 0.062 

EXTL3 2980 5278 1.043 0.058 1.020 0.924 

Add the GlcNAc and 

GlcA alternatively 

EXT1 2835 9371 1.745 <0.001 1.433 0.082 

EXT2 3613 6954 1.095 0.004 1.791 0.004 

HS-GAG 

modification 

N-deacetylation and N-

sulfation of the 

GlcNAc 

NDST1 11591 9871 -0.149 0.622 1.260 0.199 

NDST2 98 94 -0.158 0.363 1.157 0.409 

NDST3 3 2 -0.737 0.139 NA NA 

NDST4 1 0 0 0.871 NA NA 

Epimerase GlcA->IdoA GLCE 2178 1663 -0.260 0.411 1.358 0.083 

2-O-sulfation of IdoA HS2ST1 1398 1705 0.548 0.957 1.308 0.130 

3-O-sulfation of GlcN 

HS3ST1 1685 499 -1.636 <0.001 1.548 0.018 

HS3ST2 29 23 -0.549 0.255 1.088 0.636 

HS3ST3A1 284 419 0.741 0.396 1.578 0.038 

HS3ST3B1 412 427 -0.199 0.953 1.307 0.136 

HS3ST4 55 2 -2.700 0.003 NA NA 

HS3ST5 4 4 0 0.873 NA NA 

HS3ST6 106 31 -2.170 0.063 1.598 0.037 

6-O-sulfation of GlcNS 

HS6ST1 3504 4427 0.344 0.541 1.476 0.028 

HS6ST2 696 986 0.852 0.785 1.253 0.221 

HS6ST3 7 7 0.170 0.680 NA NA 

Removal of 6-O-

sulfation 

SULF1 1155 6445 2.562 <0.001 1.230 0.248 

SULF2 6108 16084 1.163 0.009 1.834 0.001 

 HS-GAG 

degradation 
 Cleave HS chains HPSE 1583 1112 -0.213 0.838 1.423 0.075 
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We selected seven genes (EXT1, EXT2, NDST1, HS6ST1, HS6ST2, SULF1 and SULF2) from the 

HS-biosynthetic process, for qRT-PCR analysis of the same set of 21 FFPE sections used for the 

LC-MS/MS described above. The genes cover both pre-synthetic and post-synthetic editing of the 

6-O-sulfation of the HS chains. We found that SULF2 mRNA is detectable in the tumor tissues 

negative by SULF2 IHC, which suggests that the production of SULF2 protein is regulated by 

some post-transcriptional mechanisms in addition to the mRNA expression (Figure 11A). EXT1 

and SULF2 mRNA are significantly 2-fold higher in the SULF2+ve (n=10) compared to the 

SULF2-ve (n=11) tumors (p=0.039 for EXT1, p=0.020 for SULF2). The other five genes are all 

slightly higher in SULF2+ve tumors but the differences did not reach statistical significance. 

Pearson Correlation Analysis of gene expression among the 21 tumor samples revealed that EXT1 

showed strong correlation to all the other enzymes (r>0.8 for EXT2, NDST1 and HS6ST1, Figure 

11B). Correlation between SULF2 and SULF1 mRNA is modestly positive (r=0.56, p=0.008), 

similar to the analysis of the TCGA-HNSC, and stronger than the correlation of other genes; 

SULF2 showed a similar correlation with EXT2 (r=0.53, p=0.014). The correlation of expression 

among the seven genes based on RNA-seq data from TCGA (n=499) are weaker than the 

correlation observed in mRNA expression from the FFPE tumor sections (n=21) (Figure 11C), 

whereas the correlation between EXT2 and SULF2 remained the same (r=0.50, p<0.001).   
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Figure 11. Expression of enzymes involved in the formation of 6-O-sulfate between 

SULF2+ve and SULF2-ve tumors. (A) mRNA expression of selected 6-O-S editing genes 

between SULF2+ve (n=10) and SULF2-ve (n=11) tumors extracted from FFPE sections of the 21 

HNSCC patients in GUMC. EXT1 and SULF2 showed significant difference between the two 

groups of tumor tissues (p=0.039 for EXT1, p=0.020 for SULF2, unpaired t-test); other genes 

showed no difference. 18sRNA is used as endogenous control. Correlation of mRNA expression 

of selected 6-O-S editing genes (B) in 21 HNSCC patients enrolled in the study at GUMC and (C) 

in 499 HNSCC patients from the TCGA-HNSC. Numbers in each square represent the rho values 

of Pearson Correlation. 
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3.5 Cell-specific expression pattern of SULF1 and SULF2 in HNSCC tumors 

To get a more detailed understanding of the distribution of the SULF enzymes in HNSCC tumors, 

we analyzed the single cell RNA-seq data from a study by Puram et al published in 201775. The 

study analyzed transcriptomes of 5,578 cells from tumor tissues of 18 HNSCC patients and 

classified the type of individual cells based on copy-number variations, karyotypes, and expression 

signatures. The cells were assigned into nine clusters that belong to three major categories: 2,215 

tumor cells (39.7%), 1,644 immune cells (29.5%, including B cells, T cells, dendritic cells, mast 

cells and macrophages), and 1,719 stromal cells (30.8%, including myocytes, fibroblasts and 

endothelial cells).  

The percent of SULF1 or SULF2 positive cells varies substantially across the cell types (Table 7). 

SULF2 is expressed in 62.7% of all tumor cells (n=1,389), which is the highest representation 

among all the cell types, while SULF1 is only expressed in 14% of tumor cells (n=309). The 

positivity of SULF1 expression is highest in the fibroblasts (48.0%, n=691 of 1,440 cells) 

compared to <20% in any other cell type (Table 7, Figure 12). Endothelial cells exhibited a similar 

expression pattern of SULF1 and SULF2 positivity as tumor cells (SULF2 more represented than 

SULF1), but the number of endothelial cells isolated from the tumor tissues is limited (n=260). 

Therefore, SULF1 and SULF2 expression in HNSCC tumor tissues are primarily contributed by 

the fibroblasts and tumor cells, respectively.  
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Table 7. Number and percent of different cell types expressing SULFs in the HNSCC 

tissues based on single-cell RNAseq data76 

 

cell_category All SULF1+ SULF1+ (%) SULF2+ SULF2+ (%) 

Tumor 2215 309 14.0% 1389 62.7% 

Dendritic 51 1 2.0% 17 33.3% 

B cell 138 2 1.4% 20 14.5% 

T cell 1237 8 0.6% 35 2.8% 

Mast 120 3 2.5% 6 5.0% 

Macrophage 98 2 2.0% 31 31.6% 

myocyte 19 1 5.3% 1 5.3% 

Fibroblast 1440 691 48.0% 307 21.3% 

Endothelial 260 47 18.1% 134 51.5% 

Total  5578 1064 19.1% 1940 34.8% 

 

 

 

 
Figure 12. SULF1 and SULF2 mRNA expression in different cell types in tumor tissues of 

HNSCC patients76. SULFs mRNA were quantified as log2(TPM+1) based on the single-cell 

RNA-seq data. 5578 cells were isolated from tumor tissues of 18 HNSCC patients and classified 

into 9 cell types used to evaluate the expression of SULF1 and SULF2. 
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SULF1 expression is significantly higher in fibroblasts compared to the tumor cells in terms of the 

positivity rate (Figure 13A) and the expression level (Figure 13B); in contrast, SULF2 expression 

has the opposite trend. At the same time, the expression of the SULFs in the two cell types is 

heterogenous among the individual patients. In the 11 patients with cell number >10 for both cell 

types, the range of SULF1-positive tumor cells ranges from 2.4% to 54.5% while SULF2-positive 

cells range from 43.1% to 91.7%. The range of SULF1-positive fibroblasts is 31.3% to 71.0% 

while SULF2-positive fibroblasts represent 8.7% to 43.8% (Figure 13A). Besides the positivity 

rate, the expression level of SULF1 and SULF2 in fibroblasts compared to tumor cells is 

significantly different. The average expression of SULF1 is 0.172 in tumor cells compared to 1.099 

in fibroblasts (p<0.0001); the average expression of SULF2 is 1.145 in tumor cells compared to 

0.386 in fibroblasts (p<0.0001) (Figure 13B). The difference in the expression of the SULFs 

between fibroblast and tumor cells is clearly visible on the percent of cells that lack the SULF 

expression: 86% of tumor cells are negative for SULF1 and 78.7% of fibroblasts are negative for 

SULF2.  

Interestingly, the expression of SULF1 in SULF1-positive cells remains significantly higher in 

fibroblasts compared to the tumor cells (the mean value of 2.291 in fibroblast vs 1.232 in tumor 

cells, p<0.0001); however, the expression of SULF2 in SULF2-positive fibroblasts and SULF2-

positive tumor cells is the same (the mean value of 1.812 in tumor vs 1.826 in fibroblast, p=0.800). 

These results suggest that SULF1 is expressed to a higher degree and by a bigger sub-population 

of cells in fibroblasts compared to tumor cells; SULF2 is overexpressed to the same degree 

between fibroblasts and tumor cells in individual cells but the sub-population of tumor cells 

expressing SULF2 is much bigger than that of the fibroblasts. Therefore, it is plausible to consider 
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that SULF1 and SULF2 expression in HNSCC is regulated by different mechanisms which lead to 

a coordinated editing of the 6-O-sulfate in the ECM and regulation of the HS-dependent signaling 

activities.  

 

Figure 13. SULF1 and SULF2 mRNA expression in tumor epithelial cells and fibroblasts of 

the HNSCC patients. (A) The positivity of SULF1 and SULF2 in tumor cells and fibroblasts 

calculated for individual patients (n=18). (B) The expression level of SULF1 and SULF2 in 

tumor cells (n=2215) compared to fibroblasts (n=1440) by unpaired t-test (p-value < 0.0001 for 

both SULFs). Single-cell RNA-seq data is obtained from Puram’s study76. 

 

 

In spite of being the primary source of the SULF1 expression, more than half of the fibroblasts in 

the tumor tissues do not express any SULF1. This observation suggests that SULF1 is expressed 

by a sub-group of the fibroblasts in the surrounding of the tumor epithelial cells. Cancer-associated 

fibroblasts (CAFs) are an active component and an essential regulator of the tumor-

microenvironment that remodels the ECM, facilitates cancer invasion and metastasis, and 

modulates immune surveillance77,78. The connection between SULF1 and CAF is identified in 

ovarian cancer79,80, as well as the enriched expression of SULF1 in the stroma of pancreatic 

cancer81, colon cancer82, and bone metastasis of prostate cancer83. Given this observation, we then 

analyzed the connection between SULF1 expression and CAF in HNSCC. We selected 119 genes 
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related to fibroblasts, including 40 genes specific for CAF, based on literature search and then 

analyzed their association with SULF1 and SULF2 using Pearson correlation in two independent 

datasets (Figure 14)84,80. Correlation analysis using the RNA-seq and proteomics data from 

CPTAC (n=108 HNSCC patients) showed that SULF1 has a high positive correlation with the 

CAF markers on both transcriptional and translational level (Figure 14A). The connection 

between SULF1 expression and CAFs was further supported by lower positive correlation between 

SULF2 and the fibroblast-related genes, especially CAF genes (Figure 14B).  

We further validated the correlation between SULF1 and CAF genes by comparing the result of 

correlation analysis based on RNA-seq data from 108 patients in CPTAC to the 499 patients in 

TCGA and found that the correlation between SULF1 and CAF markers is consistently positive in 

both datasets (Figure 14C). Notably, 28 out of the 40 CAF markers showed robust positive 

correlation with SULF1 (Pearson r value>0.5, p<0.05 for all 28 genes) in all three analyses, 

suggesting that SULF1 is tightly connected to the CAF in HNSCC (Table 8). Similar analyses 

were performed to evaluate the correlation between 109 fibroblast-related genes and SULF2 but 

the pattern of consistently positive correlation is not observed (Figure 14D), which further 

supports the connection of the SULF1 with CAF.  
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Figure 14. SULF1 expression is associated with cancer-associated fibroblasts on both mRNA 

and protein level. The correlation of 119 fibroblast-related genes with SULF1 or SULF2 were 

analyzed by Pearson Correlation analysis using RNA-seq and proteomics data of 108 tumors from 

CPTAC and RNA-seq data of 499 tumors from TCGA. (A&B) The r-value of the correlation of 

119 fibroblast-related genes with SULF1 (A) and SULF2 (B) in RNA-seq data vs. proteomics data 

of 108 HNSCC patients from CPTAC. (C&D) The r-value of the correlation of 119 fibroblast-

related genes with SULF1 (C) and SULF2 (D) in RNA-seq data of 108 HNSCC patients from 

CPTAC vs. RNA-seq data of 499 HNSCC patients from TCGA.   
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Table 8. Correlation of SULF1 with cancer-associated fibroblast markers. The r-value and p-

value (not shown, annotated as NS if the correlation is insignificant) of correlation between SULF1 

and 28 CAF markers is analyzed by Pearson correlation analysis in proteomics and RNA-seq data 

of 108 HNSCC patients from CPTAC and RNA-seq data of 499 patients from TCGA.  

 

R-VAL CPTAC_PROTEOMICS CPTAC_RNASEQ TCGA_RNASEQ 

GENE SULF1 SULF2 SULF1 SULF2 SULF1 SULF2 

SULF1 - 0.41 - 0.39 - 0.39 

CTHRC1 0.84 0.39 0.85 0.47 0.83 0.34 

POSTN 0.81 0.44 0.83 0.52 0.87 0.44 

VCAN 0.80 0.38 0.83 0.46 0.91 0.44 

COL10A1 0.56 0.24 0.80 0.24 0.86 0.38 

COL5A2 0.70 0.48 0.78 0.65 0.80 0.58 

RCN3 0.77 0.53 0.77 0.56 0.65 0.27 

CDH11 0.70 0.28 0.77 0.24 0.86 0.42 

COL3A1 0.73 0.47 0.76 0.55 0.86 0.47 

ISLR 0.78 0.38 0.72 0.52 0.79 0.32 

COL1A2 0.62 0.36 0.72 0.51 0.85 0.47 

SFRP2 0.71 0.41 0.71 0.44 0.84 0.45 

THBS2 0.77 0.44 0.71 0.51 0.72 0.44 

FAP 0.78 0.61 0.70 0.58 0.70 0.59 

COL5A1 0.79 0.48 0.69 0.53 0.75 0.63 

CTSK 0.59 0.44 0.69 0.35 0.82 0.38 

COL11A1 0.70 0.36 0.68 0.29 0.78 0.39 

MXRA5 0.80 0.42 0.67 0.50 0.77 0.58 

PDGFRL 0.55 NS 0.67 0.29 0.71 0.18 

AEBP1 0.80 0.36 0.66 0.35 0.82 0.49 

MMP2 0.70 0.45 0.65 0.49 0.78 0.55 

TGFB3 0.65 0.39 0.65 0.49 0.75 0.45 

HTRA3 0.78 0.40 0.65 0.19 0.72 0.42 

ITGBL1 0.65 0.26 0.64 NS 0.78 0.20 

FN1 0.68 0.52 0.63 0.45 0.80 0.52 

MMP11 0.62 0.43 0.59 0.47 0.72 0.37 

OLFML3 0.50 NS 0.58 0.42 0.75 0.41 

SFRP4 0.68 0.27 0.57 0.25 0.76 0.20 

COL1A1 0.60 0.39 0.54 0.41 0.83 0.50 

 

 



52 

 

To further strengthen the observation that SULF1 is expressed in fibroblasts and SULF2 in tumor 

cells, we analyzed the RNA-seq data from the Cancer Cell Line Encyclopedia (CCLE). SULF1 

expression in fibroblast-like cells is distinctly higher compared to all the other cancer cell lines 

(Figure 15A) but SULF2 expression is the highest in cell lines from neuroblastoma and HNSCC 

while fibroblast expression is relatively low (Figure 15B). This result suggests that SULF1 

expression in fibroblasts of the tumor tissues is not unique for HNSCC but more likely a pan-

cancer event.  

 
Figure 15. SULF1 and SULF2 mRNA expression in cancer cell lines from CCLE. (A) 

SULF1 and (B) SULF2 mRNA in fibroblasts and various cancer cell lines. 
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CHAPTER 4. ANALYSIS OF POTENTIAL BIOMARKERS IN HNSCC 

4.1 Selection of protein candidates based on proteomics data from CPTAC 

An obstacle for efficient diagnosis and treatment of HNSCC is the absence of early detection 

methods. Early diagnosis using a robust biomarker for non-invasive screening would improve the 

survival outcomes of HNSCC patients because early-stage disease has substantially better 

prognosis. The comprehensive CPTAC proteomics study of tumor tissues of 108 HNSCC patients 

enabled us to identify candidate protein markers from a comprehensive perspective.  

We retrieved the raw proteomics data deposited in Proteomics Data Commons and performed our 

analyses of the data with an initial focus on the comparison of 64 tumor/adjacent normal pairs. The 

differential expression analysis included 10,250 proteins detected consistently in the tissues of the 

64 HNSCC patients with paired tumor and normal tissues from CPTAC (Figure 16). There are 

3,769 proteins significantly upregulated in tumor compared to paired normal tissues (p<0.05, 

paired t-test), which is evenly balanced by the 3,812 proteins significantly downregulated in tumor 

(Table 9). However, only 162 proteins (1.58%) increase by >2-fold in tumor whereas 642 proteins 

(6.26%) decrease by >2-fold compared to paired normal tissues. 

 

Table 9. Proteins with significant differential expression in HNSCC  

 

No. of proteins All % of all HBPs % of HBP 

Up 3769 36.77% 135 34.52% 

Up by >2-fold 162 1.58% 24 6.14% 

down 3812 37.19% 201 51.41% 

Down by >2-fold 642 6.26% 63 16.11%  
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Figure 16. Volcano plot of differential protein expression in tumor compared to paired 

normal tissues of 64 HNSCC patients in the CPTAC proteomics study. 10,250 proteins 

detected in the HNSCC study of CPTAC were analyzed using paired t-test for log2FC and p-value 

in 64 HNSCC patients with paired tumor and adjacent normal tissues. HBP: heparin/HS-binding 

proteins. Red dots: HBPs upregulated >2-fold in tumor. Blue dots: HBPs downregulated >2-fold 

in tumor. Green dots: other HBPs with variation within 2-fold. Grey dots: other proteins.  

 

HSPGs regulate many signaling events, ECM remodeling, or immune responses through the 

interaction between their sulfated chains and diverse protein ligands, including growth factors, 

cytokines, and chemokines. The affinity between HS chains and their ligands, especially for the 6-

O-sulfate-dependent interaction, depends on the Sulfs activity. SULF1 and SULF2 are also 

considered HSPG ligands and we have confirmed their significant overexpression in the HNSCC 

tumors at both mRNA and protein level. Therefore, we believe that the HS-dependent activities 

may be altered in HNSCC due to modified HSPG ligand binding regulated by the SULF-catalyzed 

6-O-sulfate editing.  
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We therefore evaluated the changes in the HSPG ligands in our study. We selected 621 

heparin/HS-binding proteins (HBPs) by literature review and by searching keywords such as 

‘heparin-binding’, ‘HS-binding’ and ‘proteoglycan-binding’ in the Uniprot, KEGG, Reactome, 

Gene Ontology, and MatrixDB resources23,85. 391 proteins of the 621 were detected in the CPTAC 

study of HNSCC, including 135 proteins (34.52% of 391 detected HBPs) that were significantly 

upregulated in tumor compared to paired normal samples and 201 proteins (51.41% of detected 

HBPs) that were significantly downregulated in tumor, which is substantially higher than the 

percentage of proteins downregulated overall (Table 9). It is noteworthy that 24 HBP (6.14% of 

391) were upregulated for >2-fold in tumor while 63 proteins (16.11% of 391) were downregulated 

for >2-fold, in contrast to 1.58% and 6.26% of the 10,250 proteins for the overall proteome (Table 

9). This enriched representation of HBP among the overall proteins (Figure 16) whose expression 

are altered in HNSCC suggests the dynamic regulation of HBPs and their influence on the 

downstream HS-dependent activities and disease progression.  

Enrichment analysis of the GAG interactome showed that >90% of HS-binding partners are 

located in plasma membrane or in the ECM85, thus potentially mobilized by SULF activity through 

binding affinity to the HS chains. The membrane/ECM localization allows for detectability of 

HBPs in biofluid samples, like blood or saliva, collected from HNSCC patients using non-invasive 

approach instead of tumor biopsies. Moreover, ECM remodeling enzymes, like matrix 

metalloproteinases and other proteases (MMP2, MMP7, MMP9, MMP14, PLAU, PRSS1, etc.), 

are also HBPs that further modify the composition of the biofluids. Secretions of proteins or their 

shedding from the plasma membrane releases them in the ECM, which allows for detectability in 

patient’s biofluid samples like blood or saliva. Our observations suggest, together with the cell-
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type specific SULF expression and their prognostic impact in HNSCC, that the HS-dependent 

network amplifies the signal of the 6-O-sulfate variation generated by the SULFs and actively 

contributes to the disease development and progression mediated by the HS ligands. Therefore, 

we propose that HBPs provide an excellent set of targets for the discovery of biomarker for the 

early detection of HNSCC. 

 

4.2 Evaluating the performance of HBPs as potential biomarkers to separate tumor from 

normal tissues 

To assess the biomarker potential of the SULF-regulated network, we evaluated the consistency 

of candidate marker upregulation and their ability to separate tumor from the adjacent normal 

tissue based on the proteomics data of HNSCC study from CPTAC. In spite of the higher 

representation of the downregulated proteins, we focused on the 135 HBPs significantly increased 

in tumor as biomarker candidates to improve our chances of their serologic detection. We used for 

each protein the value of two-standard deviations above its average relative quantity (2SD-cutoff) 

in the 64 adjacent normal tissues to evaluate the sensitivity, specificity, and prediction accuracy of 

their HNSCC classification.  

We carried out this analysis on all the 108 tumor samples and the 64 adjacent normal samples from 

the CPTAC study. The performance of the individual HBP is determined based on prediction 

accuracy in our test and we selected the top 10 candidates with the best performance: MMP14, 

PTK7, PLAU, TNC, COL12A1, SULF1, THBS2, TFRC, SLC3A2, LAMC2 (Table 10). All 10 

proteins are significantly upregulated in tumor compared to normal tissues in the 64 paired samples 

(Figure 17) and are within the top 2% of all 10,250 proteins ranked by the prediction accuracy. 
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MMP14 has the highest prediction accuracy (97.7%) among all the 10,250 proteins in samples of 

the 108 HNSCC patients. SULF1 is one of the highest ranked marker candidates with 100% 

specificity (Figure 17) and has significantly better performance (Prediction accuracy=88.0%) than 

SULF2 (Prediction accuracy=63.3%). PTK7 is the only selected protein that does not bind HS but 

we select it because it is shed from the membrane by MMP14. CD44, an accepted biomarker 

candidate for early detection of HNSCC86, has prediction accuracy of 80.5% that is lower than the 

prediction accuracy observed for all the 10 candidates (Table 10).  

 

Table 10. Performance of the top 10 HBPs as candidate biomarkers of HNSCC. Differential 

expression is analyzed in the 64 paired tumor and adjacent normal tissues from CPTAC using 

paired t-test for Log2FC and p-value. Specificity, sensitivity and accuracy for individual protein 

are calculated in the test using 2SD-cutoff of 64 adjacent-normal samples and 108 tumor samples 

  
Proteomics (n=64) 2SD-cutoff (108 tumor vs 64 

normal) 

ROC 

analysis 

Protein Normal Tumor Log2FC p-val Specificity Sensitivity Accuracy AUC 

MMP14 -0.859 0.265 1.123 <0.001 98.4% 96.9% 97.7% 0.991 

PTK7 -0.718 0.259 0.978 <0.001 96.9% 90.6% 93.8% 0.986 

COL12A1 -1.348 0.173 1.521 <0.001 98.4% 82.8% 90.6% 0.975 

TNC -1.218 0.190 1.407 <0.001 96.9% 84.4% 90.6% 0.978 

PLAU -1.360 0.291 1.651 <0.001 96.9% 81.3% 89.1% 0.983 

SULF1 -1.480 0.215 1.694 <0.001 100.0% 75.0% 87.5% 0.972 

THBS2 -1.698 0.131 1.828 <0.001 95.3% 75.0% 85.2% 0.947 

SLC3A2 -0.770 0.081 0.851 <0.001 98.4% 71.9% 85.2% 0.908 

LAMC2 -1.712 0.080 1.792 <0.001 96.9% 70.3% 83.6% 0.925 

TFRC -1.146 0.062 1.209 <0.001 98.4% 67.2% 82.8% 0.946 
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Figure 17. Differential protein expression between tumor and normal tissues of 10 HBPs 

selected as potential biomarkers of HNSCC in the CPTAC-HNSC dataset. Protein abundance 

is presented as Unshared log ratio in 64 tumor and paired normal tissues obtained from patients in 

the CPTAC study. 
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We further validated the performance of the 10 selected HBPs as biomarker candidates by an 

analysis of ROC curves to confirm the consistency of their performance (Figure 18). Using CD44 

as the reference, all 10 candidate proteins showed higher AUC value than CD44 (AUC=0.898). 

MMP14 remains the best performer (AUC=0.991) and all 10 candidates show AUC>0.9 (Table 

10). Furthermore, all 10 proteins showed significantly higher amount of protein in tumors from 

patients diagnosed with stage I disease compared to paired normal samples and remained 

consistently high from stage I to stage IV, suggesting that the protein expression of the 10 

candidates are upregulated already at the outset of the malignancy. The results show that the 

markers consistently separate tumor from adjacent normal tissue, represent primarily secreted 

proteins, and deserve further scrutiny as non-invasive markers for the early detection of HNSCC.  
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Figure 18. ROC curve of the top 10 candidate biomarkers of HNSCC compared to CD44. 

The marked cutoff (red dot) is determined based on the maximized Youden's index 
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4.3 Validation of the candidate biomarkers in serum samples of HNSCC patients 

The outstanding performance of separating tumor tissues from adjacent normal tissues based on 

the CPTAC proteomics data prompted the further validation of candidate biomarkers in blood 

samples from HNSCC patients. The HBPs are located almost exclusively in the plasma membrane 

or the ECM85. These characteristics suggests, together with their significant overexpression in 

tumor tissues and potentially increased mobilization by the activated SULFs, that they are 

excellent candidates for non-invasive detection.  

Our selection of the 10 candidate biomarkers includes four transmembrane proteins (MMP14, 

PTK7, TFRC and SLC3A2) while the other six proteins are secreted into the ECM (PLAU, SULF1, 

TNC, COL12A1, LAMC2, THBS2). We decided to evaluate the serum concentrations of the 10 

candidates by ELISA assays in a pilot study of 26 HNSCC patients and 14 healthy controls to 

determine if the significant overexpression in HNSCC tumor tissues and high accuracy of 

predicting sample characteristics based on protein abundance are transferrable into detectable 

serologic differences. The 26 patients and 14 healthy controls were matched on age, gender, and 

smoking history (Table 11) and all the candidate proteins were measured in duplicate using 

commercial ELISA kits. We validated the specificity for the SULF1 ELISA kit using SULF1 and 

SULF2 protein produced from the HEK293f cells in our lab; we do this because of the sequence 

similarity of the SULF1 and SULF2 proteins. Our results show that the ELISA kit for SULF1 has 

obvious cross-reactivity with SULF2. However, the serum measurements show that the SULF 

protein does not increase in cancer patients compared to controls and we still include the result 

showing the total SULF protein concentration and the detected mean serum concentrations are 

listed in Table 12. The dilution ratio of serum samples from HNSCC patients and healthy controls 
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were optimized to ensure the analytes are within the linear range of the standard curve, except for 

MMP14 and PTK7 which are below the minimum detectability in more than half samples in the 

cohort. 

 

 

Table 11. Clinical information of the 26 HNSCC patients and 14 healthy controls selected 

for a pilot study of the candidate proteins in serum samples 

   
Case (N=26) Ctrl (N=14) 

Gender Female 4 2 
 

Male 22 12 

Age Female 55±12 64±7 
 

Male 56±8 55±7 

Ethnicity CA 22 14 
 

AA 2 
 

 
Asian 1 

 

 Unknown 1  

Smoking Current 3 2 
 

Ex 14 8 
 

Never 8 4 

 Unknown 1  

Tumor Stage I 5 
 

II 4 
 

III 2 
 

IV 15 
 

HPV Positive 9 oropharynx 
 

Negative 5 larynx, 12 oral cavity 
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Unlike the significant overexpression of protein abundance in tumor compared to normal tissues 

from HNSCC patients in CPTAC, we did not observe any significant difference of protein 

abundance in serum between HNSCC patients and healthy control (Table 12). Higher expression 

of the proteins in tumor compared to normal tissues might be too diluted in the blood samples of 

patients to observe, or the tumor proteins do not reach the bloodstream. In either case, the serum 

does not seem to be a viable surrogate fluid for further evaluation of these candidates for the early 

detection of HNSCC. We are currently setting up collection of salivary rinses as an alternative 

surrogate fluid that could prove more informative than serum.  

 

Table 12. Concentration of 10 candidate proteins in serum samples of HNSCC patients and 

healthy controls. The measurement of SULF by the ELISA kit reflects the concentration of 

combined SULF1 and SULF2 due to cross-reactivity of the SULF1 ELISA kit with SULF2. 

 
 

Ctrl (n=16) Case (n=24)   
Mean±SD Range Mean±SD Range p-value 

SULF 

  

25.07±14.04 

pg/ml 

14.81-41.07  

pg/ml 

34.73±13.93 

pg/ml 

22.50-58.27  

pg/ml 

0.395 

MMP14 0.41±1.22 

ng/ml 

0-5.30 

ng/ml 

0.37±0.81 

ng/ml 

0-2.62 

ng/ml 

0.880 

THBS2 19.09±5.76 

ng/ml 

10.39-27.45 

ng/ml 

19.95±10.25 

ng/ml 

8.86-64.87 

ng/ml 

0.736 

PTK7 2.80±7.53 

ng/ml 

0-25.91 ng/ml 3.69±8.13 

ng/ml 

0-29.72 ng/ml 0.732 

SLC3A2 7.48±3.22 

ng/ml 

4.56-14.91 

ng/ml 

6.05±2.70 

ng/ml 

0.83-14.60 

ng/ml 

0.170 

PLAU 0.538±0.215 

ng/ml 

0.325-0.853 

ng/ml 

0.421±0.093 

ng/ml 

0.274-0.629 

ng/ml 

0.184 

LAMC2 16.02±1.83 

ng/ml 

8.43-34.18 

ng/ml 

18.23±1.94 

ng/ml 

6.28-48.43 

ng/ml 

0.412 

COL12A1 11.60±3.18 

ng/ml 

7.48-17.81 

ng/ml 

10.53±3.27 

ng/ml 

4.57-17.51 

ng/ml 

0.324 

TNC 0.536±0.159 

ng/ml 

0.255-0.902 

ng/ml 

0.480±0.129 

ng/ml 

0.273-0.789 

ng/ml 

0.270 

TFRC 15.41±0.55 

ng/ml 

13.41-19.60 

ng/ml 

15.53±0.75 

ng/ml 

12.47-27.89 

ng/ml 

0.898 
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CHAPTER 5. PAN-CANCER ANALYSIS OF SULF1 AND SULF2 

5.1 SULF1 and SULF2 mRNA expression in different cancer types from TCGA 

Initially, we analyzed RNA-seq data of 9,160 patients from 32 different cancer studies in TCGA 

database (Table 12). We observed the highest expression of SULF1 in mesothelioma (MESO) and 

the highest SULF2 expression in the brain lower grade glioma (LGG). The range of SULF1 

expression (6.99 to 14.79, mean of log2 (RSEM_counts+1) in tumor from each study) among 

different cancer types is greater than the range of SULF2 expression (10.02 to 13.89).  

Next, we compared SULFs expression in tumor tissues from TCGA to the equivalent non-disease 

human tissues from GTEx for 23 cancer studies (Table 12). The non-disease tissues for the other 

9 cancer types (DLBC, GBM, LGG, MESO, PCPG, READ, SARC, THYM, and UVM) do not 

exist in GTEx. Some cancer types of different pathology that originate from the same tissue were 

compared to the same non-disease tissues from GTEx (e.g.  LUSC and LUAD compared to lung, 

or KICH, KIRC and KIRP compared to kidney cortex). SULF1 expression is elevated in 18 cancer 

types compared to the non-disease tissues, of which 16 studies show >2-fold upregulation. Five 

studies showed no difference (ACC, UCEC, TGCT, KICH, PRAD). SULF2 is elevated in 16 

cancer types of which 11 show >2-fold increase compared to non-disease tissues. Four studies 

(CESC, SKCM, KICH, PRAD) showed no significant difference and a decrease in SULF2 was 

observed in three types of cancer (OV, UCS, UCEC). The highest upregulation of both SULF1 

and SULF2 is observed in pancreatic cancer (PDAC, SULF1 log2FC=6.81, SULF2 log2FC=4.85, 

both p<0.0001) which appears to be another high priority target for the exploration of the sulfatases 

as biomarkers and therapeutic targets. However, there are too few control adjacent tissues in the 

TCGA-PDAC study (see below) and our comparison is based on the GTEX tissues.   
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Table 13. SULF1 and SULF2 mRNA expression across 32 TCGA cancer studies compared 

to non-disease tissues from GTEx. Full name of each cancer study is listed below.   

 

Project 

ID 

Sample 

size 

SULF1 

mean 

SULF2 

mean 

GTEX 

tissues 

SULF1 SULF2 

Log2FC p-val Log2FC p-val 

LGG 508 10.08 13.89* NA 
    

ESCA 181 12.62 13.68 esophagus 

mucosa 

3.63 <0.0001 1.95 <0.0001 

HNSC 518 11.92 13.57 salivary 

gland* 

2.91 <0.0001 2.53 <0.0001 

BRCA 1091 13.52 13.50 breast 3.42 <0.0001 1.91 <0.0001 

KIRP 288 10.31 13.42 kidney 

cortex 

0.65 0.033 2.28 <0.0001 

MESO 87 14.79* 13.27 NA 
    

PAAD 178 13.83 13.19 pancreas 6.81 <0.0001 4.85 <0.0001 

READ 91 12.67 13.12 NA 
    

STAD 413 13.12 13.06 stomach 5.13 <0.0001 3.13 <0.0001 

UCS 57 12.03 12.92 uterus 1.06 0.0002 -0.52 0.0105 

KIRC 530 12.24 12.89 kidney 

cortex 

2.58 <0.0001 1.76 <0.0001 

SARC 258 12.54 12.85 NA 
    

COAD 285 12.63 12.74 colon 1.56 <0.0001 1.48 <0.0001 

LUSC 498 12.79 12.54 lung 3.08 <0.0001 2.45 <0.0001 

CHOL 36 11.53 12.49 liver 5.36 <0.0001 2.32 <0.0001 

CESC 303 11.07 12.46 cervix 1.72 0.0023 -0.03 ns 

GBM 152 9.54 12.29 NA 
    

THCA 504 12.09 12.28 thyroid 0.82 <0.0001 0.82 <0.0001 

ACC 77 6.99 12.05 adrenal 

gland 

-0.16 ns 2.43 <0.0001 

THYM 119 8.80 11.84 NA 
    

UCEC 180 11.25 11.68 uterus 0.27 ns -1.76 <0.0001 

TGCT 132 9.80 11.46 testis 0.23 ns 0.48 0.0001 

DLBC 47 10.73 11.24 NA 
    

SKCM 102 10.07 11.19 skin 2.07 <0.0001 0.3 ns 

BLCA 407 10.80 11.04 bladder 1.53 0.0048 0.86 0.0034 

OV 419 11.99 10.99 ovary 2.20 <0.0001 -2.27 <0.0001 

KICH 66 9.51 10.96 kidney 

cortex 

-0.15 ns -0.17 ns 

PCPG 177 9.88 10.93 NA 
    

LUAD 513 12.25 10.88 lung 2.54 <0.0001 0.79 <0.0001 

PRAD 494 11.63 10.5 prostate 0.24 ns 0 ns 

LIHC 369 8.19 10.42 liver 2.03 <0.0001 0.25 0.0439 

UVM 79 7.05 10.02 NA 
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ACC: adrenocortical carcinoma; BLCA: bladder urothelial carcinoma; BRCA: breast invasive 

carcinoma; CESC: cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL: 

cholangiocarcinoma; COAD: colon adenocarcinoma; DLBC: lymphoid neoplasm diffuse large B-

cell lymphoma; ESCA: esophageal carcinoma; GBM: glioblastoma multiforme; HNSC: head and 

neck squamous cell carcinoma; KICH: kidney chromophobe; KIRC: kidney renal clear cell 

carcinoma; KIRP: kidney renal papillary cell carcinoma; LGG: brain lower grade glioma; LIHC: 

liver hepatocellular carcinoma; LUAD: lung adenocarcinoma; LUSC: lung squamous cell 

carcinoma; MESO: mesothelioma; OV: ovarian serous cystadenocarcinoma; OV: ovarian serous 

cystadenocarcinoma; PAAD: pancreatic adenocarcinoma; PCPG: pheochromocytoma and 

paraganglioma; PRAD: prostate adenocarcinoma; READ: rectum adenocarcinoma; SARC: 

sarcoma; SKCM: skin cutaneous melanoma; STAD:  stomach adenocarcinoma; TGCT: testicular 

germ cell tumors; THCA: thyroid carcinoma; THYM: thymoma; UCEC: uterine corpus 

endometrial carcinoma; UCS: uterine carcinosarcoma; UVM: uveal melanoma. 

 

 

We further analyzed SULF1 and SULF2 differential expression between tumor and normal tissues 

of the cancer patients in 18 studies with paired tumor and adjacent normal samples (n>3) using 

paired t-test of the gene expression (log2(RSEM_counts+1)). Significant tumoral overexpression 

of SULF1 is observed in 11 cancer types (Table 14). The results are consistent with the comparison 

to the GTEx (Table 13) but fewer cancers are significantly upregulated and two cancers, THCA 

(log2FC=-0.509, p=0.003) and KICH (log2FC=-0.599, p=0.018), show a significant 

downregulation of SULF1 in the tumor tissue. SULF2 remains significantly upregulated in 9 

cancer types; the downregulation in UCEC is confirmed and, in addition, PRAD is significantly 

decreased in the paired tissue analysis as well (Table 14). The differences between Table13 and 

Table 14 could be explained by lower sample size of the paired adjacent normal tissues but also 

points out that an appropriate selection of the tissues compared to the cancers is an important 

consideration.  
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Table 14. Differential expression of SULF1 and SULF2 mRNA between paired tumor and 

adjacent normal tissues of patients in 18 TCGA studies. The SULF mRNA quantity is presented 

as log2 (RSEM_counts+1). The differential expression is represented as log2 fold-change in the 

18 cancer studies with paired tissue samples (n>3 pairs)  

 

TCGA 
 

  SULF1 SULF2 

Project Primary name No. Pair log2FC p-value log2FC p-value 

ESCA esophageal carcinoma 13 2.757 0.012 2.645 <0.001 

LUSC lung squamous cell 

carcinoma 

50 2.617 <0.001 1.577 <0.001 

CHOL cholangiocarcinoma 9 4.694 <0.001 1.382 0.028 

HNSC head and neck squamous 

cell carcinoma 

43 2.519 <0.001 1.322 <0.001 

STAD stomach adenocarcinoma 33 2.459 <0.001 1.220 <0.001 

KIRC kidney renal clear cell 

carcinoma 

72 1.311 <0.001 0.979 <0.001 

BRCA breast invasive 

carcinoma 

112 2.028 <0.001 0.817 <0.001 

LUAD lung adenocarcinoma 58 2.775 <0.001 0.741 0.001 

BLCA bladder urothelial 

carcinoma 

19 2.135 <0.001 0.562 ns 

COAD colon adenocarcinoma 26 2.546 <0.001 0.500 ns 

THCA thyroid carcinoma 59 -0.509 0.003 0.264 ns 

LIHC liver hepatocellular 

carcinoma 

50 0.895 0.029 -0.481 ns 

KICH kidney chromophobe 25 -0.599 0.018 -0.767 ns 

KIRP kidney renal papillary 

cell carcinoma 

32 0.232 ns 1.310 <0.001 

PRAD prostate adenocarcinoma 51 -0.146 ns -0.750 <0.001 

UCEC uterine corpus 

endometrial carcinoma 

7 2.322 ns -1.793 0.024 

READ rectum adenocarcinoma 6 2.585 ns 0.783 ns 

PAAD pancreatic 

adenocarcinoma 

4 0.470 ns 0.890 ns 

 

We observed the highest upregulation of SULF1 (25.9-fold) expression in CHOL tumor tissues 

(log2FC=4.694, p<0.001) and the highest upregulation of SULF2 (6.3-fold) in ESCA 
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(log2FC=2.645, p<0.001) (Table 14). We identified five cancer studies with both SULF1 and 

SULF2 significantly upregulated >2-fold in tumors, including ESCA, LUSC, CHOL, HNSC and 

STAD (Figure 19A, 19B). Pancreatic cancer did not show any significant difference of SULF1 or 

SULF2 mRNA between tumor and normal samples because of small sample size (n=4). However, 

the mRNAs are elevated compared to GTEX normal pancreatic tissue and the SULF proteins are 

clearly elevated in the CPTAC study of PDAC (Figure 19C, 19D).  

 
 

Figure 19. Expression of SULF mRNA and SULF in tumor compared to paired normal 

tissues in six cancer types.  (A) SULF1 and (B) SULF2 mRNA in tumor compared to paired 

normal tissues from cancer patients and non-disease tissues from healthy donors of five studies 

from TCGA. SULFs expression is quantified as log2(RSEM_Counts+1). All 5 studies showed >2-

fold upregulation in tumor compared to paired normal samples; (C) SULF1 and SULF2 protein in 

PDAC from CPTAC; (D) SULF1 and SULF2 mRNA in PAAD tumor tissues from TCGA 

compared to non-cancerous pancreas tissue from GTEx. 



69 

 

5.2 SULF1 and SULF2 proteins in different cancer studies from the CPTAC 

To obtain a comprehensive understanding of the expression of SULF proteins in cancer diseases, 

we analyzed the proteomics data of 11 cancer studies from the CPTAC. We do not compare the 

protein abundance of SULFs across cancer types because the protein expression is quantified 

relative to an internal control specific to each study.  

All cancer studies from the CPTAC, except glioblastoma, have paired tumor and adjacent normal 

tissues from cancer patients for the differential expression analysis (Table 15). Similar to the 

pervasive upregulation of SULF1 mRNA, SULF1 protein is also significantly upregulated in tumor 

compared to paired normal tissues in 9 studies. Only the OSC studies, carried out at two institutions, 

did not detect elevated SULF1 (Table 15). However, both studies analyzed only 10 and 12 pairs 

of tissue, respectively, which may not be enough for a representative coverage of this disease. 

Informatics analysis of ovarian cancer by Kim et al suggests that SULF1 and CAF are activated 

only at stage III in OSC80, which means that a stage-adjusted analysis would be needed to fully 

evaluate the SULF1 upregulation in this cancer and may be important for other cancers as well.   

SULF2 protein is significantly upregulated in tumor of 6 cancer studies (PDAC, BRCA, HNSC, 

LUSC, KIRC, LUAD); downregulation of the SULF2 was observed in two cancers (HBV-related 

HCC, UCEC) (Table 15). The downregulation of SULF2 in UCEC is consistent with the mRNA 

downregulation in TCGA (3.5-fold) described above (Table 14). Our analysis of TCGA data 

showed that SULF2 mRNA in LIHC is lower in tumor than the normal tissues but the trend did 

not reach statistical significance (log2FC=-0.481, p>0.05). This could be related to the fact that 

LIHC in TCGA includes cancer etiologies other than HBV infection, but further studies would be 
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needed to confirm this hypothesis. The UCEC results further support our hypothesis that SULF2 

expression in cancers like UCEC is regulated differently.  

 

Table 15. Differential expression of SULF1 and SULF2 protein in tumor and adjacent 

normal tissues of 10 CPTAC cancer studies. Paired t-test was performed to analyze the 

difference of SULFs protein between tumor and adjacent normal tissues of each cancer study. 

   
  SULF1 SULF2 

Project Project name No. Pair log2FC p-value log2FC p-value 

PDAC* Pancreatic Ductal 

Adenocarcinoma 

66 1.491 <0.001 1.141 <0.001 

BRCA breast invasive carcinoma 17 1.512 <0.001 0.865 0.002 

HNSC head and neck squamous 

cell carcinoma 

68 1.594 <0.001 0.501 <0.001 

LUSC lung squamous cell 

carcinoma 

102 1.348 <0.001 0.451 <0.001 

KIRC Clear Cell Renal Cell 

Carcinoma 

84 0.459 <0.001 0.255 0.003 

LUAD lung adenocarcinoma 100 0.947 <0.001 0.194 0.004 

HBV-HCC HBV-Related 

Hepatocellular Carcinoma 

160 0.233 0.020 -0.330 <0.001 

UCEC Uterine Corpus 

Endometrial Carcinoma 

30 0.498 0.002 -0.434 0.003 

OSC_JHU Ovarian Serous 

Cystadenocarcinoma 

12 0.433 ns 0.442 0.015 

OSC_PNNL Ovarian Serous 

Cystadenocarcinoma 

10 0.069 ns -0.580 ns 

COAD colon adenocarcinoma 96 0.726 <0.001 not detected 

 

PDAC is the only study with both SULF1 and SULF2 proteins significantly upregulated >2-fold 

in tumor compared to paired normal tissues based on the proteomics data from CPTAC (Figure 

19C). Differential expression of SULF mRNA in PDAC cannot be reliably analyzed because of 

the small sample size (n=4), but both SULF1 and SULF2 mRNA in tumor tissues of the TCGA 
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study are >20-fold higher than the non-disease pancreatic tissue from GTEx (Figure 19D). Further 

exploration of the 6-O-endosulfatase activities and their regulatory influence on the 6-O-sulfate-

dependent signaling in pancreatic cancer is, therefore, warranted.  

There are 9 cancer types studied in both TCGA and CPTAC, which enabled us to evaluate the 

consistency of SULF expression in cancer at the mRNA and protein level. SULF1 and SULF2 are 

significantly upregulated at both transcriptional and translational level in tumor compared to paired 

normal tissues for five studies (BRCA, HNSC, LUSC, KIRC and LUAD). In addition, we observed 

significant upregulation of SULF1 and downregulation of SULF2 at both mRNA and protein level 

in UCEC. The results show a good correlation of the mRNA and protein expression of the 

sulfatases and the observation of their changes in two independent studies (TCGA and CPTAC) 

confirms their common overexpression in cancer. The overexpression of SULF1 across different 

cancer types is particularly striking. SULF2 overexpression is also frequent but is differently 

regulated and SULF2 is downregulated in a few cancer types, in particular the cancer of the uterus.  

 

5.3 SULF1 and SULF2 overexpression at different stages of cancer 

Next, we wanted to explore if SULF1 and SULF2 expression change along with the disease 

progression. We analyzed the SULF expression at different stages of cancer progression using one-

way ANOVA followed by Bonferroni correction (Table 16). TCGA datasets of 21 cancer types 

provide information on the stage-dependent mRNA expression and we found 9 cancer studies with 

significantly different expression of either SULF1 or SULF2 at some stage of the disease (Table 

16).  
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Table 16. Distribution of patients by cancer stage in 21 TCGA studies . Number of patients 

diagnosed with different cancer stages in the 21 studies and differences in the SULF1 and SULF2 

expression analyzed by one-way ANOVA followed by Bonferroni correction in each study.  

 

Project ID Stage I Stage II Stage III Stage IV SULF1 p-val SULF2 p-val 

BLCA 2 134 147 141 <0.0001 <0.0001 

STAD 58 121 168 41 0.0001 0.0038 

ACC 9 36 15 15 0.0006 0.0008 

ESCA 18 76 55 9 0.0012 0.0446 

THCA 283 52 112 55 0.0054 0.0064 

PAAD 21 147 3 4 0.0245 <0.0001 

KIRC 226 57 123 81 0.0292 0.1724 

HNSC 27 70 80 266 0.0335 0.0681 

MESO 10 16 45 16 0.5376 0.0271 

KIRP 170 21 52 15 0.0496 0.3918 

KICH 21 25 14 6 0.0849 0.9192 

TGCT 99 12 14  0.3512 0.2469 

LIHC 169 86 85 5 0.1599 0.2160 

READ 12 24 33 13 0.2353 0.6528 

COAD 44 109 82 40 0.2449 0.8466 

LUAD 274 122 83 26 0.2586 0.7519 

CHOL 17 9 1 7 0.2603 0.8191 

UVM 0 39 35 4 0.3877 0.2355 

LUSC 242 161 84 7 0.5824 0.7022 

SKCM 2 66 26 3 0.7434 0.9817 

BRCA 202 687 275 22 0.808 0.304 
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We further compared SULFs mRNA expression in tumor tissues of each stage to normal tissues 

for 7 studies with available paired normal samples to determine at which stage the SULFs 

upregulation happens (Table 17). For STAD, SULF1 is elevated at stage I tumor but SULF2 is 

significantly distinguished from normal tissues from stage II (Figure 20A). For ESCA, SULF2 is 

elevated at stage I tumor but SULF1 is significantly distinguished from normal tissues from stage 

II (Figure 20B). HNSC and KIRC showed significant upregulation of both SULF1 and SULF2 

starting at stage I tumors (Figure 20C, 20D). HNSC is the only cancer type with both SULF1 and 

SULF2 significantly higher already at stage 1 and in all four stages (Table 17, Figure 20C). We 

expect that the endosulfatase activation is required at the earliest stages of the disease, perhaps 

even in the pre-malignant disease.  

Two cancer studies, BLCA and THCA, although exhibiting significant difference in the four stages 

(Table 16), showed only marginal difference of SULF1 or SULF2 expression in tumor compared 

to the paired normal tissues. PAAD showed no significance because of small sample size for paired 

tissues (n=4). The other two studies, MESO and ACC, do not have paired normal tissues from the 

dataset for such comparison.  

SULF1 and SULF2 protein abundance in different stages of tumor tissues from the CPTAC studies 

were analyzed but none of the 10 studies with stage information showed a significant difference 

across any stage except KIRC, which has a higher expression of SULF2 in stage IV disease 

(Figure 20E).  This is in spite of the upregulation of both SULF proteins in tumor compared to 

the paired normal tissues.   
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Table 17. SULF1 and SULF2 mRNA expression are significantly different by stage in 9 

TCGA cancer studies. SULFs mRNA expression was calculated as mean value of 

log2(RSEM_counts+1) of paired normal tissues and each cancer stage. SULFs mRNA at each 

stage is compared to normal tissues for each cancer study by unpaired t-test (ns: p>0.05, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). The difference of SULF mRNA among the tumor stages 

is calculated by one-way ANOVA (p-val#).  

  
SULF1 SULF2 

Project Normal Stage 

I 

Stage 

II 

Stage 

III 

Stage 

IV 

p-val# Normal Stage 

I 

Stage 

II 

Stage 

III 

Stage 

IV 

p-val# 

MESO NA 14.56 15.29 14.64 14.88 ns NA 13.31 13.23 13.05 13.91 0.0271 

ACC NA 5.51 6.91 6.30 8.74 0.0006 NA 11.16 11.58 12.22 13.41 0.0008 

PAAD 13.52 12.81 

ns 

13.97 

ns 

14.03 

ns 

14.69 

ns 

0.0245 12.55 13.28 

ns 

11.58 

ns 

13.68 

ns 

13.11 

ns 

<0.0001 

BLCA 10.44 9.20 

ns 

9.54 

ns 

11.28 

ns 

11.49 

ns 

<0.0001 11.18 9.58 

ns 

10.30 

ns 

11.43 

ns 

11.40 

ns 

<0.0001 

THCA 12.63 12.07 

ns 

11.45 

*** 

12.22 

ns 

12.46 

ns 

0.0054 12.02 12.32 

ns 

11.95 

ns 

12.43 

* 

12.12 

ns 

0.0064 

STAD* 10.50 12.20 

**** 

13.38 

**** 

13.27 

**** 

13.07 

**** 

0.0001 11.86 12.5 

ns 

13.19 

**** 

13.10 

**** 

13.26 

**** 

0.0038 

ESCA* 10.40 11.29 

ns 

12.83 

**** 

13.05 

**** 

12.14 

** 

0.0012 11.64 13.44 

*** 

14.03 

**** 

13.5 

**** 

13.77 

*** 

0.0446 

HNSC* 10.09 11.83 

*** 

11.80 

**** 

11.50 

*** 

12.17 

**** 

0.0335 12.48 14.21 

**** 

13.81 

**** 

13.52 

*** 

13.55 

**** 

ns 

KIRC* 11.23 12.19 

**** 

11.91 

ns 

12.54 

**** 

12.15 

*** 

0.0292 12.20 12.89 

**** 

12.60 

ns 

12.96 

**** 

13.03 

**** 

ns 
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Figure 20. Expression of SULF1 and SULF2 mRNA in the tissues of different cancer           

types by stage of the disease. (A-D) SULF1 and SULF2 mRNA in different tumor stages are 

compared to the adjacent normal tissues from the same TCGA cancer patients and to the equivalent 

non-disease tissues from GTEX; (E) SULF1 and SULF2 protein of different stages in KIRC from 

CPTAC.  
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5.4 Impact of SULFs mRNA on patient survival in different cancer types  

In addition to the analysis of the SULFs association with survival outcomes in HNSCC (Figure 6, 

Figure 8), we evaluated the association between SULFs expression and patient survival outcomes 

in all 32 TCGA cancer studies (Table 18). The tabulated summary of the number of events for 

both PFI and OS for each cancer reflects the variability in lethality and sample size of the different 

studies. We selected 22 studies with n40 of PFI events to improve statistical power of our 

analyses. High expression of SULF1 is associated with poor PFI outcomes in 8 studies (ACC, 

PAAD, CESC, ESCA, BLCA, COAD, KIRP, LGG), which shows consistently that high 

expression of SULF1 in tumor tissues is adversely prognostic. The outcomes of the SULF2 

expression on PFI are more variable across different cancer types. We found high expression of 

SULF2 mRNA associated with poor PFI outcomes in 6 studies (ACC, KIRC, PAAD, HNSC, 

CESC, LIHC) and with good outcomes in 4 studies (SARC, THCA, UCEC, LGG) (Table 18).  

A parallel analysis of the differential expression of SULFs and survival impact in the 18 cancer 

types allowed us to evaluate whether poor survival depends on their overexpression. Three of the 

cancers, COAD (log2FC=2.546, HR=1.867), ESCA (log2FC=2.757, HR=1.619) and BLCA 

(log2FC=2.135, HR=1.392), show concurrent overexpression of SULF1 mRNA compared to 

adjacent normal tissue and poor PFI outcomes (Figure 21A-C). Similar trend is observed for 

PAAD but the adjacent normal tissue is not enough for analysis and the overexpression is 

determined compared to the normal pancreatic tissue in GTEX.  
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Table 18. Impact of SULF mRNA expression on patient survival outcomes in 32 TCGA 

cancer studies. Hazard Ratio and p-value were analyzed by Log-rank model in each cancer studies 

using optimal cutoff value (within the range of 25%-75% patients in each group) that yields the 

smallest p-value in the survival analysis. 

 

 Project  No. of 

patients 

PFI SULF1_PFI SULF2_PFI OS SULF1_OS SULF2_OS 

No. 

event 

HR P-value HR P-value No. 

event 

HR P-value HR P-value 

ACC 77 40 2.499 0.010 4.273 0.000 27 3.618 0.000 6.240 0.000 

KIRC 530 160 1.337 0.123 2.162 0.000 173 0.827 0.252 1.949 0.000 

PAAD 178 104 2.365 0.001 1.724 0.007 93 1.757 0.031 2.024 0.001 

HNSC 518 197 1.240 0.132 1.687 0.001 220 1.341 0.029 1.603 0.001 

CESC 303 71 2.227 0.001 1.612 0.046 71 1.626 0.038 1.863 0.008 

LIHC 369 179 1.173 0.324 1.587 0.007 128 1.572 0.025 1.318 0.158 

ESCA 181 85 1.619 0.031 1.352 0.158 76 1.335 0.209 0.652 0.091 

BLCA 407 174 1.392 0.035 1.246 0.149 178 1.561 0.040 1.601 0.016 

COAD 285 83 1.867 0.004 0.713 0.127 69 1.904 0.006 1.482 0.108 

KIRP 288 57 2.693 0.001 0.661 0.134 44 3.716 0.000 0.626 0.131 

SARC 258 137 1.285 0.140 0.646 0.027 98 0.534 0.002 0.725 0.164 

THCA 504 52 1.422 0.205 0.570 0.047 16 2.259 0.096 0.456 0.134 

UCEC 180 45 1.449 0.226 0.415 0.004 33 1.559 0.208 0.293 0.072 

LGG 508 189 1.479 0.007 0.354 0.000 122 1.616 0.011 0.300 0.000 

LUSC 498 145 1.304 0.165 1.362 0.070 215 1.332 0.037 1.306 0.060 

STAD 413 135 1.313 0.119 1.355 0.136 160 1.632 0.002 0.889 0.467 

MESO 87 61 0.664 0.111 1.348 0.349 74 0.515 0.006 1.309 0.359 

PRAD 494 92 1.452 0.091 1.254 0.276 10 0.284 0.197 0.354 0.074 

OV 419 302 0.909 0.448 0.818 0.079 263 0.893 0.370 1.281 0.066 

BRCA 1091 145 1.359 0.086 0.722 0.052 151 1.634 0.008 0.723 0.054 

LUAD 513 209 1.260 0.142 0.712 0.055 187 1.325 0.087 1.186 0.262 

GBM 152 119 1.408 0.059 0.710 0.108 120 1.517 0.031 1.203 0.320 

UCS 57 37 0.553 0.064 0.619 0.247 35 0.577 0.159 1.421 0.315 

KICH 66 12 10.892 0.004 0.546 0.311 10 3.735 0.034 0.251 0.026 

PCPG 177 21 1.575 0.279 1.439 0.445 6 2.816 0.211 0.289 0.106 

SKCM 102 36 1.920 0.134 2.164 0.029 28 0.653 0.296 3.097 0.012 

TGCT 132 33 2.195 0.020 2.304 0.017 4 7.124 0.040 Inf 0.025 

CHOL 36 20 0.578 0.250 2.220 0.071 18 0.325 0.060 1.491 0.439 

READ 91 20 2.754 0.021 0.354 0.016 16 2.085 0.155 0.094 0.004 

UVM 79 29 2.118 0.063 7.091 0.000 22 2.176 0.091 14.743 0.000 

DLBC 47 12 0.146 0.000 0.290 0.200 9 0.285 0.037 1.652 0.463 

THYM 119 21 2.992 0.024 0.098 0.005 8 Inf 0.005 4.832 0.099 
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ACC: adrenocortical carcinoma; BLCA: bladder urothelial carcinoma; BRCA: breast invasive 

carcinoma; CESC: cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL: 

cholangiocarcinoma; COAD: colon adenocarcinoma; DLBC: lymphoid neoplasm diffuse large B-

cell lymphoma; ESCA: esophageal carcinoma; GBM: glioblastoma multiforme; HNSC: head and 

neck squamous cell carcinoma; KICH: kidney chromophobe; KIRC: kidney renal clear cell 

carcinoma; KIRP: kidney renal papillary cell carcinoma; LGG: brain lower grade glioma; LIHC: 

liver hepatocellular carcinoma; LUAD: lung adenocarcinoma; LUSC: lung squamous cell 

carcinoma; MESO: mesothelioma; OV: ovarian serous cystadenocarcinoma; OV: ovarian serous 

cystadenocarcinoma; PAAD: pancreatic adenocarcinoma; PCPG: pheochromocytoma and 

paraganglioma; PRAD: prostate adenocarcinoma; READ: rectum adenocarcinoma; SARC: 

sarcoma; SKCM: skin cutaneous melanoma; STAD:  stomach adenocarcinoma; TGCT: testicular 

germ cell tumors; THCA: thyroid carcinoma; THYM: thymoma; UCEC: uterine corpus 

endometrial carcinoma; UCS: uterine carcinosarcoma; UVM: uveal melanoma. 

 

 

The consistency of SULF2 expression and prognostic impact is also observed in three studies, 

including adverse impact of overexpression in KIRC (log2FC=0.979, HR=2.162) and HNSC 

(log2FC=1.322, HR=1.687) but in the case of UCEC (log2FC=-1.793, HR=0.415), whose high 

SULF2 expression is associated with better survival outcomes and SULF2 expression is 

significantly reduced in tumor tissues (Figure 21D-F). In the six cancers with significant 

overexpression of both SULF1 and SULF2 (Figure 19), the impact on PFI, overall, is observed 

for SULF2 in HNSCC, for SULF1 in ESCA, and for both SULFs in PAAD. We expect that the 

progression of these three cancers depends on the expression of the SULF1 and SULF2 enzymes 

and that the SULFs, especially in HNSCC and PAAD, deserve further attention as prognostic 

factors, biomarkers, and therapeutic targets. 
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Figure 21. SULF1 or SULF2 mRNA expression in tumor tissues is concurrent with survival 

impact on Progression-Free Intervals of patients in six cancers. (A-C) SULF1 overexpression 

in tumor is significantly associated with poor PFI outcomes of patients; (D, E) SULF2 

overexpression in tumor is significantly associated with poor PFI outcomes of patients; (F) SULF2 

downregulation in tumor is associated with better PFI outcomes in patients. 
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CHAPTER 6. DISCUSSION 

6.1 Summary and discussion 

The process of HSPG synthesis is multifactorial as is the HS-interactome and its impact on human 

pathophysiology16,24,69,71. The system is not a static scaffold but a dynamic adjustable ECM 

network organizing diverse extracellular signaling pathways. With the improved understanding of 

the physiology of the HSPG network, the appreciation of its functions in cancer diseases increases 

as well24. The HS-interactome either directly enhances cell proliferation signals or remodels the 

tumor microenvironment, such as angiogenesis, which promotes the tumor growth indirectly87. 

The effect of HSPGs in cancer will likely expand to more types of cancer due to the versatility of 

the HSPG signaling network in different cell types. 

The extracellular 6-O-endosulfatases, SULF1 and SULF2, are the only post-synthetic editors of 

the sulfation patterns critical for the organization of this network1. The post-translational regulation 

of HSPG modifications is the most impactful determinant of their function. The core proteins that 

carry HS chains can be altered in their abundance or localization but the alteration of the GAG 

chains is important as well and affect simultaneously the function of multiple GAG carriers 

expressed in a tissue. For example, the expression of GPC3 is a hallmark of HCC but the total HS 

level does not accompany the change of GPC3 core protein88. Simultaneously, higher 3-O sulfation 

of the GAG chains is accompanied by a decrease in the 6-O-sulfation in HCC which leads to an 

overall lower density of sulfation and to functional reprogramming of the ligand interactions88. In 

the context of HNSCC, we do not observe a major adjustments in the quantity of the HSPG protein 

carriers but we observe strong evidence for an altered editing of the sulfated GAG domains by the 

SULF1 and SULF2 enzymes.  The altered sulfation of HSPG is the critical determinant of their 
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function in cell and animal models23,24 and we propose that some pathways, including potentially 

the EGFR signaling or immune surveillance, alter the progression of HNSCC in a SULF-

dependent manner. Our translational study warrants further exploration of these molecular 

mechanisms in HNSCC.  

The enzymology of HSPG synthesis is quite well understood and the significance of specific 

enzymes, including the NDST family and sulfotransferases, was clarified in mechanistic in vitro 

studies or in vivo studies of mutant mice18,69,89,90. It has been recognized that the expression of 

genes involved in the synthesis of HSPGs varies greatly during development and tumorigenesis19. 

However, a full deterministic model of the enzymology of the synthesis of the heterogeneously 

sulfated HSPG domains is still elusive and the multifactorial nature of the HSPG interactome 

makes the analysis of the molecular details of the physiologic or tumorigenic processes highly 

challenging71. For example, we do not know yet how GAG synthesis/editing creates specific 

sulfated domain structures on different core proteins or how post-translational modifications adjust 

activity of the HSPG synthetic machinery. Recent discovery of the CS/DS chains modifying 

activity of the SULF2 enzyme, entirely unrecognized in previous SULF2 studies, reveals how 

much remains to be done14. We need further investigations  of the basic biochemistry of the HS-

network, of the molecular details of the signaling they regulate, and of therapeutics regulating the 

network91,92. Our translational study reveals a significant impact of the human 6-O-endosulfatases 

on the progression of HNSCC and identifies unique opportunities for the exploration of the HSPG 

network as a source of biomarkers for the early detection of HNSCC. In addition, our study 

suggests an opportunity to explore SULF1 and SULF2 as a therapeutic target in HNSCC and other 

malignancies91,92.  
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The sulfation pattern of HSPG regulates communication of various cell types comprising a tumor 

and the ECM. Current knowledge of the HSPG network suggests that receptor tyrosine kinase 

signaling (including EGFR), immune response, and matrix remodeling are the major 

communication channels affected by the SULFs. Post-translational editing of sulfation pattern on 

HSPG without cleaving the backbone of HS chains is achieved exclusively by the activities of 

SULF1 and SULF2 in the ECM1. Unlike heparanase and sheddases that cleave HS chains, SULFs 

regulate the 6-O-sulfation and related activities of the HSPG network.  

The increased expression of SULF2 and its impact on tumor biology and/or patient survival is 

already established in the case of esophageal cancer25, hepatocellular carcinoma (HCC)26, and 

pancreatic ductal adenocarcinoma (PDAC)27. However, the function of SULFs in HNSCC is not 

sufficiently explored. To my knowledge, the two studies from our laboratory51,93 are the first to 

show the association between SULF2 expression and HNSCC progression. My current studies 

suggest that both SULF1 and SULF2 are involved in HNSCC, predict the survival outcomes of 

patients, represent the potential as therapeutic targets, and serve as a source of biomarker 

candidates together with the HS network.   

In this study, we found that SULF1 and SULF2 overexpression in HNSCC tumor tissues are 

consistently observed at both mRNA and protein level. We used data from the state-of-the-art 

multicenter studies carried out by the TCGA and CPTAC to confirm the impact of the SULFs on 

HNSCC progression. These results fully support the observations from our own studies which 

documented strong staining of the SULF2 protein in HNSCC tumor tissues by IHC51 and, 

subsequently, established that SULF2 mRNA or protein in the HNSCC tumors are associated with 

poor survival (Figure 6). The evidence from the studies of all three populations of the HNSCC 
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patients we analyzed (GUMC, TCGA and CPTAC) show consistently the increased expression of 

SULF2 in the tumors and the poor survival of patients with high SULF2 expression. We evaluated 

SULF2 by IHC because we have outstanding monoclonal antibodies from our collaboration with 

Dr. Rosen. These antibodies not only selectively detect SULF2 but were recently used as a 

therapeutic inhibiting the activity of the enzyme39. However, we do not have selective antibodies 

for the study of the equally important SULF1. Our study of the TCGA and CPTAC datasets 

provides evidence that SULF1 is significantly, and even more consistently than SULF2, 

upregulated in HNSCC (Figure 20).  

To further evaluate the biological impact of SULF2 expression in HNSCC tumor, we examined 

the sulfation in tumor sections by HS3A8 antibodies binding preferentially the 6-O-sulfate94 and 

by LC-MS/MS of HS disaccharides54. We observe reduction of the 6-O-sulfate staining and an 

increased expression of SULF2 in tumors, but the 6-O-sulfate content is not directly associated 

with the SULF2 protein by IHC. This could be explained by the complexity of the multifactorial 

buildup of the epitopes. In particular, the sulfated epitopes along the HS chains are non-uniform 

and the average disaccharide composition across the entire HS chain may not be sufficient to 

resolve the local density of the sulfated HS epitopes. In addition, the epitope required for antibody 

binding is complex and the HS3A8 preferentially binds to 6-O-sulfated heparan sulfate chains but 

other sulfate groups contribute to the interaction which may further decrease our ability to detect 

the expected difference94.  

Our LC-MS/MS analysis of the HS disaccharides provided a more detailed view of the 

composition of the GAG chains.  However, we did not find an association between the SULF2 

protein staining and the content of the trisulfated disaccharide D2S6, the preferred substrate of 
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SULF2 in vitro. We do not know the exact reason but it may be related to the fact that D2S6 is the 

least abundant disaccharide in HNSCC (<1% of the disaccharide units) which limits our 

quantitative accuracy13. In addition, our measurement averages the already low abundant sulfation 

content over the entire HS chain while the HS displays domain architecture with different local 

sulfate densities20. The analysis of specific HS domains may require different analytical 

approaches.  

In terms of the enzymes involved in the formation of the 6-O-sulfation, we evaluated multiple 

enzymes in the HS synthetic machinery in terms of mRNA expression and their impact on survival. 

The analysis of RNA-seq data from TCGA showed that the overexpression of SULFs and their 

impact on the survival outcomes are higher than impact of the other enzymes involved in the 

process. Nonetheless, several genes significantly increase in tumors and impact patient survival 

(XYLT2, B3GAT3, EXT2) while HS3ST1 decreases in the HNSCC tumors. Further exploration of 

the gene expression in FFPE tumor sections of the HNSCC patients revealed that EXT1 is 

significantly elevated in SULF2-positive tumor tissues. EXT1, EXT2 and SULF2 may be co-

regulated in the tumor tissues based on their high correlation and higher EXT gene expression in 

SULF2-positive tumors than in SULF2-negative tumors (Figure 11). The mechanism underlying 

such co-regulation need to be further explored.  

We have found that HS6ST1 is strongly correlated with EXT1 and EXT2 (r=0.93 for EXT1, r=0.93 

for EXT2, both p-value<0.001) in FFPE tumor sections, but the correlations in TCGA analysis are 

less significant. It is plausible that reduced 6-O-sulfation in tumor compared to adjacent normal 

tissues is, in part, due to lower sulfation in addition to the SULF editing. Although we focus on 

the editing of the 6-O-sulfation by the SULFs, the overall balance of the enzymes and HS carriers 
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will shape the structure of the HSPG domains and deserves further attention as suggested in recent 

studies of the functionally active “GAGosome”69.  

SULF2 protein in HNSCC tumor tissues is associated with higher proliferative activity of tumor 

cells measured by IHC staining of Ki67 (Figure 5). SULF2 mRNA expression is significantly 

higher in tumor tissues that stain strongly for the SULF2 protein (Figure 11). However, the tumors 

with negative SULF2 protein staining still express SULF2 mRNA, possibly indicating other 

mechanisms regulating the protein abundance besides mRNA dose on the transcriptional level.  

We observe a low expression of the SULF2 mRNA in HPV-positive tumors which suggests that 

the mechanisms of SULF2 upregulation differ in the more common HNSCC related to the 

smoking/alcohol etiology of the HPV-associated HNSCC where the increase is not observed 

(Figure 5). However, the impact of HPV on the SULF1 and SULF2 protein needs further study. 

In our pilot study of SULF2 by IHC (n=40 HNSCC patients), we did not see a difference between 

HPV positive, mostly oropharyngeal, and HPV negative tumors51, and the mRNA results suggest 

that the expression in other than oropharyngeal (i.e. HPV etiology) cancers should be higher. The 

IHC is semi-quantitative and further studies will be needed to definitely assess the protein 

expression in different locations and etiologies. The CPTAC study analyzed HNSCC tumors that 

are not related to HPV. Similar to the SULF2, the SULF1 protein is significantly induced in the 

oral cavity but we do not have sufficient data to understand whether the induction happens in the 

HPV-related cancers and in cancers of other locations as the mRNA results suggest (Figure 5).   

SULF1 is even more elevated in tumors (greater fold-change) compared to SULF2 and shows an 

increasing trend in the HPV positive tissues; however, SULF2 is more strongly associated with the 

OS and PFI, overall. We show that the prognostic significance of SULF1 and SULF2 are 
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temporally distinct between early-stage and late-stage tumors. SULF1 overexpression is 

significantly associated with poor PFI in patients with early-stage disease while SULF2 affects 

survival in patients with advanced disease (Figure 8). At the same time, we did not observe an 

association between SULF2 mRNA expression and tumor stage. This explains the marginal 

significance of the impact of SULF1 expression on PFI when all patients are analyzed, which might 

be driven by a better representation of advanced tumors (68.3%) in the HNSCC populations we 

study. In summary, we believe that both SULF1 and SULF2 expression are activated at an early 

stage of the malignant transformation process but function differently in the early stage and late-

stage tumors.  

The two sulfatases showed similar enzymatic activities against 6-O-sulfate in vitro but the 

regulatory mechanism of this functional redundancy is not elucidated. Besides the temporal 

dichotomy of the SULFs (impact on survival at different stage of the disease progression), we 

identified a spatial dichotomy of the two enzymes (Figure 12, Figure 13). SULF2 is primarily 

expressed by the tumor epithelial cells. SULF1 expression is high in fibroblasts and, especially, in 

the subset of CAF. This is supported by a strong positive correlation between the expression of 

SULF1 and genes typical of the CAF (Table 8) as well as co-expression of these genes in the 

single cell RNA-seq dataset of HNSCC76. This is an important and previously overlooked fact that 

warrants further exploration. This cell-type specific expression of the SULFs suggests that they 

may be differently regulated and modified by the synthetic machinery that differs between the 

fibroblasts and epithelial cells. We propose that the distinct temporal and spatial regulation of the 

SULF1 and SULF2 expression in HNSCC provides means for functional diversification of the 

enzymes, in spite of their similar enzyme kinetics and substrate specificity in vitro.  
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Absence of biomarkers that can efficiently detect the disease at an early stage limits the efficiency 

of therapeutic interventions and worsens the prognosis of HNSCC patients. We decided to select 

potential biomarker candidates among the HBPs because they are functionally influenced by the 

SULFs and their activity will be modified in HNSCC according to our analysis of the SULFs 

expression in HNSCC tumors. In addition, the HBPs are over-represented among proteins with 

significant differential expression, are often secreted (similar to the SULFs) and some of them 

(PLAU, MMPs, POSTN etc.) are supplied by the CAF. The HBPs therefore represent a rational 

pool of HNSCC biomarker candidates.    

We carried out a pilot study of the HBP, including SULF1, in the serum of HNSCC patients and 

healthy controls to evaluate their potential as serologic biomarkers for early non-invasive detection 

of HNSCC. We evaluated SULF2 previously and we have shown that its serum concentrations are 

not elevated in HNSCC. We selected 10 candidate biomarkers among the 621 HBPs based on their 

significant >2-fold upregulation in HNSCC and outstanding separation of the tumor from adjacent 

tissue (AUC>0.9) (Table 10). Although all 10 proteins are consistently upregulated in the HNSCC 

tumor, already at stage 1 of the disease, we did not observe any difference in the concentration of 

the 10 proteins in serum of the HNSCC patients compared to control. This observation suggests 

that the upregulation in tumor tissues and possible mobilization by the SULF activities might be 

too diluted in the circulation. Sampling of the pre-surgical serum of HNSCC patients may not be 

sufficiently sensitive for the detection of the HNSCC-related changes using the current methods. 

A recent study reported that soluble SULF2 can be detected in the plasma of early-stage NSCLC 

patients together with an age-associated increase, which provides strong evidence that SULF2 

could be a useful biomarker for early detection95. In HNSCC patients, although our previous study 
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did not observe an increase of SULF2 in serum, detection of SULF2 in mouthwash samples 

suggested a possibility of measuring the SULF2 in saliva. 

In conclusion, our study shows that SULF1 and SULF2 are both significantly upregulated in 

HNSCC tumors in a cell type-specific manner. SULF1 is primarily expressed by CAFs while 

SULF2 is expressed by tumor epithelial cells. The two sulfatases showed temporally distinct 

prognostic impact in that SULF1 is adversely prognostic for survival in early-stage patients 

whereas SULF2 is distinctively impactful in late-stage patients. SULF2 has the strongest 

association with PFI and OS among the HS synthesis genes. We did not observe decrease in 

sulfation of the HS in the SULF2-positive tissues but we observe reduced staining of the 6-O-

sulfate recognizing HS3A8 antibody in the HNSCC tumors compared to normal mucosa. Several 

other genes synthesizing the HS chains are upregulated in tumor tissues and groups of the genes 

(e.g. EXT1, EXT2 and SULF2) may be jointly regulated in the tumor tissues. We did not fully 

elucidate the mechanisms of SULF2 overexpression in the HNSCC tumors and its potential 

regulatory impact on HS-dependent signaling activities. However, we expect that the non-uniform 

distribution of the sulfated domains along the HS chains leads to differential binding of HS ligands 

in the context of HNSCC tumors and contributes to the determination of the disease outcomes.  

 

6.2 Future directions 

Currently our lab is actively focusing on the large-scale production of high-purity SULF enzymes 

using stably transfected HEK293f cells to support future experiments. After optimizing the 

methodology of the SULFs purification, we will produce SULF2-mutants with deleted CS/CS-

attachment site and compare with wild-type SULF2 to examine the post-translational 
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modifications of SULFs and determine their influence, especially the CS/DS chain, on 6-O-

sulfatase activity. The anti-SULF2 monoclonal antibody 5D5 has already shown its tumor-

suppressive impact in a xenograft mice model of cholangiocarcinoma39, suggesting the potential 

of SULF2 as a therapeutic target for cancer. Therefore, purified SULFs will be used for screening 

synthetic polysaccharides-based inhibitors of SULF1 and SULF2.  

One of the major findings of this thesis is the cell type-specific expression of SULF1 in fibroblasts 

and SULF2 in tumor epithelial cells in single-cell RNA-seq data. The following future studies will 

focus on exploring the biological function of the SULF enzymes in the epithelial and stromal 

compartments of HNSCC tumor through in vitro experiments in cell lines and in vivo analyses in 

animal models. First, we plan to validate the differential expression of SULFs between cell types, 

especially the exclusive expression of SULF1 in CAFs, in HNSCC cell lines and FFPE sections 

of tumor tissues from HNSCC patients. The next step is to assess the biological function of SULF1 

and SULF2 in the using SULF-knockout cell lines and mice models. We will select HNSCC cell 

lines and fibroblast cell lines with high SULF2 and SULF1 expression respectively by qRT-PCR 

and Western Blot, and the corresponding enzymatic activity by 4-methylumbelliferone sulfate 

assay and heparin de-sulfation assay. Knocking out SULFs using RNAi or CRISPR will be 

performed in selected cell lines and the changes of phenotype will be evaluated. Moreover, the 

mutual influence of SULF enzymes on the activation of tumor cells or induction of CAF will be 

evaluated using a co-culture system with selected high-SULF cancer cells and fibroblasts as well 

as their SULF-knockout mutants. The plan includes implanting mouse SULF1- or SULF2-

knockout HNSCC cells and fibroblasts in mice models with different background of SULFs 
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expression to explore their functions in vivo and figure out the role of SULF1 in generating a 

supportive environment for HNSCC tumor cells. 

Besides the SULFs, we will also carry out further evaluation of the HS-regulatory network in 

HNSCC. We did not see the expected changes of protein abundance in serum samples from 

HNSCC patients compared to healthy control. We expect that a better strategy to detect the change 

in the target proteins, considering the location of tumors in the head and neck region, would be 

screening of salivary rinses. In collaboration with Dr. Bruce Davidson at the Department of 

Otolaryngology-Head and Neck Surgery, we have initiated studies aiming at the collection of 

salivary rinses. Further evaluation of biomarker candidate HBPs in saliva will be completed in 

near future. 
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