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Supplementary Text & Figures 
 

Supplementary Text S1: Literature review on candidate targets (the fourteen not 
mentioned in the main text) 
 
In the main text, we presented 20 CAR targets for HNSC and described the seven most selective 

in some detail. Here, we describe the other 13 (= 20 -7) target genes and one target gene for 

GBM. References cited by number refer to the reference list at the end of this document, which 

also appears as “Supplementary refs” at the end of the main document, but not to the first 

reference list in the main document. 

 
     The candidate SLC2A1, encodes the glucose transporter 1 protein, also known as solute 

carrier family 2 member 1 or GLUT1. It improved upon the leading clinical HNSC tumor 

selectivity score (AUC=0.92, FDR p-value=0.065). The encoded cell surface protein plays a key 

role in transporting glucose through the blood-brain barrier in mammals. While its RNA 

expression was detected in all TCGA cancer types, it exhibited the highest median expression in 

HNSC (FPKM=202). In the HPA Pathology Atlas, moderate to strong cytoplasmic positivity of 

the protein was seen in most cancers, including HNSC. A previous report described SLC2A1 as 

“one of the pivotal genes in cancer glycometabolism,” and found its elevated expression in 

TCGA tumor vs. GTEx normal controls in 22 cancer types, HNSC included [1]. The role of this 

gene in oral squamous cell carcinoma has been previously reviewed [2]. Heterozygous mutations 

in this gene can cause GLUT1 deficiency syndrome 1, a metabolic disorder characterized by 

seizures, developmental delay, and microcephaly [3], and the similar but milder GLUT1 

deficiency syndrome 2 [4]. In  DrugBank [5], SLC2A1 is listed as a target of a variety of 

approved, investigational, and experimental compounds, including etomidate, glucosamine, and 

ascorbic acid [6–8]. 

 
     FAT2 encoding FAT atypical cadherin 2, has high safety scores in HNSC (TS safety=9.5; HPA 

safety=1.65). The HPA Pathology Atlas defines the FAT2 gene to be “group enriched” in cervical 

cancer, head and neck cancer, lung cancer, and urothelial cancer, with highest median TCGA 

RNA expression in HNSC (18.8 FPKM) among all cancer types. Antibody staining yielded 

cytoplasmic and membranous staining in only urothelial cancers, while all other cancer types 

were negative. Not much is currently known about the role of FAT2 in cancer; however, targeting 
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the paralog FAT1 has been shown to be beneficial in treating oral squamous cell carcinoma, a 

type of HNSC [9]. Mutations in FAT2 are associated with autosomal dominant spinocerebellar 

ataxia type 45 [10]. 

 

     CLCA2, encoding the chloride channel accessory 2 protein, has high safety scores for HNSC 

(TS safety= 9.29, HPA=1.74). This protein modulates the flow of chloride ions across the cell 

membrane in a calcium-dependent manner and is involved in cell adhesion, particularly that of 

basal cells, and layering of squamous cells. The HPA Pathology Atlas reports CLCA2 to be 

“cancer enhanced” in head and neck cancer in the TCGA, along with strong cytoplasmic and 

membranous staining in HNSC samples. Previously, this gene was reported to be overexpressed 

in HNSC and its expression levels were predictive of sensitivity to EGFR inhibitors in cell lines 

[11]. Mutations in CLCA2 are not associated with any known monogenic diseases. 

 

     CHRM3 also has high safety scores in HNSC (TS safety=9.29; HPA safety=1.6), encoding 

cholinergic receptor muscarinic 3, also known as M3 muscarinic receptor. This receptor is a G 

protein-coupled receptor and triggers a variety of cellular responses, such as reduction of 

adenylate cyclase activity, breaking down of phosphoinositides, and control of potassium 

channels through G protein action. The HPA Pathology Atlas finds low cancer type specificity of 

CHRM3 gene expression in TCGA, but its median expression ranks second highest in HNSC vs. 

all other cancer types (median=1 FPKM). CHRM3 has been observed to be highly expressed in 

HNSC cells [12]. Seventy-five drugs are listed in DrugBank for which CHRM3 is a reported 

target. Many drugs target muscarinic receptors, including anticholinergic drugs (e.g., tiotropium, 

ipratropium) and cholinergic agonists (e.g., pilocarpine). These drugs do not specifically target 

CHRM3, but affect all muscarinic receptors, including M3 [5]. In one family, a homozygous 

mutation in CHRM3 was associated with prune belly syndrome, a type of urinary bladder disease 

[13]. 

 

       SLC2A9 has improved safety scores in HNSC (TS safety=9.08; HPA safety=1.74). This gene 

encodes the solute carrier family 2 member 9 protein, also known as GLUT9, and is a part of the 

family of SLC2A facilitative glucose transporters. Its former name GLUT9 is misleading 

because the primary transport function of GLUT9 is to transport uric acid and it may also 
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transport fructose [14]. Biallelic germline mutations of GLUT9 cause the rare disorder 

hypouricemia [15]. This disorder may be considered as a conceptual opposite of the much more 

common disorder gout that is characterized by excess uric acid. Consequently, the drug 

lesinurad, which inhibits GLUT9 and other transporters [16], has been FDA-approved to treat 

gout. Another approved gout treatment, allopurinol, was found (long after its approval) to inhibit 

GLUT9 [17]. The wide usage of these gout drugs suggests that GLUT9 inhibition is safe in many 

individuals although there can be serious side-effects [18] and adverse germline-drug indications 

are known [19]. Furthermore, a chemical found naturally in tea has been found to inhibit GLUT9 

in rats [20]. Additionally, in  DrugBank, GLUT9 is listed as a target for a variety of approved and 

investigational compounds, including probenecid, losartan, uric acid, fludeoxyglucose (18F), 

dextrose, D-glucose, and olsalazine [5]. Because of the side effects of GLUT9 inhibitor drugs, 

we caution that an unmodulated CAR strategy of killing all GLUT9-expressing cells is likely 

unsafe, but if one could target only GLUT9-overexpressing cells, this gene is a promising HNSC 

target. Accordingly, we observe that SLC2A9 RNA expression is detected in many TCGA cancer 

types, HNSC ranked second highest for its median expression (2.8 FPKM). HPA Pathology 

cytoplasmic staining of the protein was positive in HNSC, among most cancers. 

 

     The next gene improving on safety scores for HNSC was CDH13, encoding the Cadherin 13 

protein (TS safety=9.08; HPA safety=1.70). CDH13 is a nonclassical member of the cadherin 

family. It plays a role in the differentiation and growth of neurons and exhibits hypermethylation 

across a variety of cancer types (https://www.ncbi.nlm.nih.gov/gene/1012). Its median TCGA 

RNA expression levels were highest in HNSC (4.4 FPKM) out of all cancer types. However, 

most cancers in the HPA Pathology Atlas, including HNSC, displayed negative antibody staining 

of the protein. CDH13 hypermethylation has been previously observed in HNSC cell lines [21]. 

Mutations in CDH13 are not associated with any known monogenic diseases. 

 

     HCAR2 has improved safety scores in HNSC (TS safety=9.04; HPA safety=1.68). The gene 

encodes the hydroxycarboxylic acid receptor 2 (also known as “niacin receptor 1” and 

GPR109A) and is a G-protein coupled receptor. When activated, this protein suppresses fat 

breakdown and atherosclerosis formation and causes blood vessel dilation. The HPA defines this 

gene as “group enriched” in cervical cancer, head and neck cancer, lung cancer and urothelial 
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cancer, with its highest median RNA expression in HNSC (13.2 FPKM) out of all cancer types. 

Cytoplasmic and membranous immunoreactivity was seen in an HNSC patient [22]. To the best 

of our knowledge, not much has been previously reported in the literature about the role of 

HCAR2 in HNSC. HCAR2 is targeted by niacin (vitamin B3), which is used to treat high 

cholesterol and niacin deficiency [5]. Mutations in HCAR2 are not associated with any known 

monogenic diseases. 

 

     IGSF3, encoding the immunoglobulin superfamily member 3, also has improved safety scores 

in HNSC (TS safety=8.96; HPA safety=1.89). This protein’s structure is similar to that of 

immunoglobulin, and it possesses multiple domains resembling V-type Ig-like domains. 

Although the HPA Pathology Atlas finds low cancer specificity of its RNA expression in the 

TCGA, its median expression is second highest in head and neck cancer (25.1 FPKM), following 

melanoma (37.6 FPKM). Protein expression via antibody staining was observed in a HNSC 

patient [22]. Although the specific role of this gene in HNSC has not previously been explored to 

our knowledge, a prior study analyzing the immunoglobulin superfamily interactome uncovered 

several hundred new receptor-ligand interactions, cell-type-specific interactions, and 

dysregulation of receptor-ligand crosstalk in cancers [23]. A homozygous deletion in the IGSF3 

gene was reported in a single family with bilateral lacrimal duct obstruction [24]. 

 

     PDPN, which encodes podoplanin, also has improved safety scores (TS safety= 8.63; HPA 

safety=1.74). It plays a role in a variety of cellular processes, including cell migration and 

adhesion, formation of lymphatic vessels, platelet aggregation, tumor progression, and 

proliferation of normal lung cells. The HPA Pathology Atlas defines PDPN as “group enriched” 

in glioma, head and neck cancer, and testis cancer in the TCGA RNA expression. Cytoplasmic 

and membranous staining of podoplanin was observed in an HNSC patient [22]. Podoplanin has 

been previously shown to play a role in HNSC prognosis [25] and its knockdown inhibited 

nasopharyngeal carcinoma proliferation, migration, and invasion [26]. Mutations in PDPN are 

not associated with any known monogenic diseases. 

 

     LYPD3 is another target with improved safety scores of HNSC (TS safety=8.5; HPA 

safety=1.68). This gene encodes LY6/PLAUR domain containing 3, found in extracellular space. 
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It assists in cell migration and is believed to enable binding with laminin and play a role in cell-

matrix adhesion. LYPD3 is denoted by the HPA as “cancer enhanced” in cervical cancer and head 

and neck cancer in TCGA RNA expression, with its highest median expression in HNSC (198.1 

FPKM). Strong cytoplasmic and membranous staining of the protein was detected in all four 

HNSC patients in the HPA Pathology Atlas. LYPD3 has been previously studied as a target for 

antibody-drug conjugates (ADCs) in treating squamous cell carcinomas of varying origins, 

including HNSC [27]. LYPD3 expression has also been inversely associated with clinical 

outcome (patient death) in head and neck cancer [28]. Mutations in LYPD3 are not associated 

with any known monogenic diseases. 

 

     An additional improved HNSC safety scoring target gene is CD109 (TS safety=8.29; HPA 

safety=1.95), encoding the cluster of differentiation 109 (CD109) molecule. CD109 is a 

glycoprotein anchored to the cell surface via a GPI. CD109 is found on the surface of platelets, 

activated T-cells, and endothelial cells, and binds to and inhibits TGF-beta signaling. Although 

its RNA expression was detected in all TCGA cancer types, HNSC ranked highest by median 

expression level (13.4 FPKM). Protein expression was not detected in most cancer tissues via 

antibody staining, including HNSC [22]. CD109 expression has been linked to unfavorable 

prognosis in oropharyngeal squamous cell carcinomas [29], and high expression of CD109 has 

been reported in various squamous cell carcinomas, including HNSC [30]. Mutations in CD109 

are not associated with any known monogenic diseases. 

 

     The final HNSC target emerging from our analysis with improved safety scores in HNSC 

targets (TS safety=7.92; HPA safety=1.6) is SLC7A8, encoding the protein solute carrier family 7 

member 8, also known as L-type amino acid transporter 2 (LAT2). LAT2 enables transport of 

neutral amino acids and thyroid hormones across the plasma membrane. While detected in all 

TCGA cancer types by RNA expression, its median expression levels were highest in HNSC 

(26.9 FPKM). In the HPA Pathology Atlas, weak cytoplasmic/membranous staining was detected 

in three out of four HNSC patients. Increased LAT2 expression has been reported previously in 

HNSC tumors [31]. Mutations in LAT2 are not associated with any known monogenic diseases. 
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Beyond HNSC, PTPRZ1 has higher selectivity scores than extant targets in GBM 

(AUC=0.83, FDR p=5.53x10-5) and higher safety score in HNSC (TS safety=9.29; HPA 

safety=1.95). PTPRZ1 encodes the protein tyrosine phosphatase receptor type Z1, which 

negatively regulates the proliferation of oligodendrocyte precursor cells in the spinal cord and is 

essential for their differentiation into mature oligodendrocytes. It may also stop oligodendrocytes 

from undergoing apoptosis and dephosphorylate signaling proteins to establish contextual 

memory. The HPA Pathology Atlas found PTPRZ1 to be “cancer enriched” in glioma 

(median=157.6 FPKM), markedly higher than its expression in all other cancer types in the 

TCGA. Median expression was second highest in HNSC (9.3 FPKM). Moreover, gliomas 

exhibited moderate to strong nuclear and cytoplasmic positivity of the protein via antibody 

staining. Previous studies reported an association between PTPRZ1 expression and stem cell-like 

properties [32], and its inhibition by a small molecule abrogated stemness and tumorigenicity of 

GBM cells [33]. PTPRZ1 gene and protein expression has previously been shown to be abnormal 

and prognostic in oral squamous carcinomas [34, 35]. Mutations in PTPRZ1 are not associated 

with any known monogenic diseases. 
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Supplementary Figures 

 

 
Figure S1: the distributions of safety scores in surfaceome genes versus indication-specific 
CAR targets. (A) shows HPA safety scores, (B) shows Tabula Sapiens safety scores. 
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Figure S2: the distributions of safety scores in indication-specific CAR targets versus top 10 
tumor-selective surfaceome genes in each indication. Wilcoxon rank-sum test comparison p-
values shown at bottom of each plot. (A) shows HPA safety scores, (B) shows Tabula Sapiens 
safety scores. 
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Figure S3: expression levels in normal tissues of our twenty newly uncovered surface 
targets in conjunction with existing and known solid tumor CAR targets. (A) shows cell 
surface protein abundance measured in the Human Protein Atlas (HPA), (B) shows mean 
expression and percentage of cells with expression of gene in TISCH scRNA-seq data. 
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Figure S4: differential expression analysis of the twenty newly uncovered targets and 
known tested HNSC CAR targets (ERBB2 and EGFR) between solid HNSC tumors and 
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matched adjacent normal tissues from the TCGA. P-values shown on plots correspond to 
results of one-sided paired t-test. 
 
 
Supplementary References: 

1. Zheng H, Long G, Zheng Y, Yang X, Cai W, He S, et al. Glycolysis-related SLC2A1 Is a 
potential pan-cancer biomarker for prognosis and immunotherapy. Cancers. 
2022;14(21):5344.  

2. Botha H, Farah CS, Koo K, Cirillo N, McCullough M, Paolini R, et al. The role of glucose 
transporters in oral squamous cell carcinoma. Biomolecules. 2021;11(8):1070.  

3. Wang D, Pascual JM, Yang H, Engelstad K, Jhung S, Sun RP, et al. Glut-1 deficiency 
syndrome: Clinical, genetic, and therapeutic aspects. Ann Neurol. 2005;57(1):111–8.  

4. Overweg-Plandsoen WCG, Groener JEM, Wang D, Onkenhout W, Brouwer OF, Bakker HD, 
et al. GLUT-1 deficiency without epilepsy—an exceptional case. J Inherit Metabol Dis. 
2003;26(6):559–63.  

5. Wishart DS, Knox C, Guo AC, Shrivastava S, Hassanali M, Stothard P, et al. DrugBank: a 
comprehensive resource for in silico drug discovery and exploration. Nucleic Acids Res. 
2006;34(suppl_1):D668–72.  

6. Mueckler M, Thorens B. The SLC2 (GLUT) family of membrane transporters. Mol Aspects 
Med. 2013;34(2–3):121–38.  

7. Stephenson KN, Croxen RL, El-Barbary A, Fenstermacher JD, Haspel HC. Inhibition of 
glucose transport and direct interactions with type 1 facilitative glucose transporter (GLUT-
1) by etomidate, ketamine, and propofol: a comparison with barbiturates. Biochem 
Pharmacol. 2000;60(5):651–9.  

8. Wilson JX. Regulation of vitamin C transport. Annu Rev Nutr. 2005;25:105–25.  

9. Hsu TN, Huang CM, Huang CS, Huang MS, Yeh CT, Chao TY, et al. Targeting FAT1 inhibits 
carcinogenesis, induces oxidative stress and enhances cisplatin sensitivity through 
deregulation of LRP5/WNT2/GSS signaling axis in oral squamous cell carcinoma. Cancers. 
2019;11(12):1883.  

10. Nibbeling EAR, Duarri A, Verschuuren-Bemelmans CC, Fokkens MR, Karjalainen JM, 
Smeets CJLM, et al. Exome sequencing and network analysis identifies shared mechanisms 
underlying spinocerebellar ataxia. Brain. 2017;140(11):2860–78.  

11. Yin Y, Elble RC. Abstract 5448: The role of CLCA2 in cell proliferation and survival of 
HNSCC—potential biomarker for sensitivity to EGFR inhibitors. Cancer Research. 
2018;78(13_Supplement):5448.  



 12

12. Sun F, Li D, Wang C, Peng C, Zheng H, Wang X. Acacetin-induced cell apoptosis in head 
and neck squamous cell carcinoma cells: Evidence for the role of muscarinic M3 receptor. 
Phytother. Res. 2019;33(5):1551–61.  

13. Beaman GM, Galatà G, Teik KW, Urquhart JE, Aishah A, O’Sullivan J, et al. A homozygous 
missense variant in CHRM3 associated with familial urinary bladder disease. Clin. Genet. 
2019;96(6):515–20.  

14. Doblado M, Moley KH. Facilitative glucose transporter 9, a unique hexose and urate 
transporter. Am J Physiol Endocrinol Metab. 2009;297(4):E831-5.  

15. Matsuo H, Chiba T, Nagamori S, Nakayama A, Domoto H, Phetdee K, et al. Mutations in 
glucose transporter 9 gene SLC2A9 cause renal hypouricemia. Am J Hum Genet. 
2008;83(6):744–51.  

16. Miner JN, Tan PK, Hyndman D, Liu S, Iverson C, Nanavati P, et al. Erratum to: Lesinurad, a 
novel, oral compound for gout, acts to decrease serum uric acid through inhibition of urate 
transporters in the kidney. Arthritis Res Ther. 2016;18(1):236.  

17. Brackman DJ, Yee SW, Enogieru OJ, Shaffer C, Ranatunga D, Denny JC, et al. Genome-
wide association and functional studies reveal novel pharmacological mechanisms for 
allopurinol. Clin Pharmacol Ther. 2019;106(3):623–31.  

18. Chao J, Terkeltaub R. A critical reappraisal of allopurinol dosing, safety, and efficacy for 
hyperuricemia in gout. Curr Rheumatol Rep. 2009;11(2):135–40.  

19. Tsukagoshi E, Nakamura R, Tanaka Y, Maekawa K, Hiratsuka M, Asada H, et al. Validation 
of a genotyping technique for a surrogate marker of HLA-B∗58:01 for allopurinol-induced 
Stevens-Johnson syndrome and toxic epidermal necrolysis in the Japanese population. Drug 
Metab Pharmacokinet. 2023;49:100495.  

20. Para R, Romero R, Gomez-Lopez N, Tarca AL, Panaitescu B, Done B, et al. Maternal 
circulating concentrations of soluble Fas and Elabela in early- and late-onset preeclampsia. J 
Matern Fetal Neonatal Med. 2022;35(2):316–29.  

21. Worsham MJ, Chen KM, Meduri V, Nygren AOH, Errami A, Schouten JP, et al. Epigenetic 
events of disease progression in head and neck squamous cell carcinoma. Arch Otolaryngol 
Head Neck Surg. 2006;132(6):668–77.  

22. Uhlen M, Zhang C, Lee S, Sjöstedt E, Fagerberg L, Bidkhori G, et al. A pathology atlas of 
the human cancer transcriptome. Science. 2017;357(6352):eaan2507.  

23. Verschueren E, Husain B, Yuen K, Sun Y, Paduchuri S, Senbabaoglu Y, et al. The 
immunoglobulin superfamily receptome defines cancer-relevant networks associated with 
clinical outcome. Cell. 2020;182(2):329-344.e19.  



 13

24. Foster II J, Kapoor S, Diaz-Horta O, Singh A, Abad C, Rastogi A, et al. Identification of an 
IGSF3 mutation in a family with congenital nasolacrimal duct obstruction. Clin. Genet. 
2014;86(6):589–91.  

25. Kim HY, Rha KS, Shim GA, Kim JH, Kim JM, Huang SM, et al. Podoplanin is involved in 
the prognosis of head and neck squamous cell carcinoma through interaction with VEGF-C. 
Oncol Rep. 2015;34(2):833–42.  

26. Hsu YB, Huang CYF, Lin KT, Kuo YL, Lan MC, Lan MY. Podoplanin, a potential 
therapeutic target for nasopharyngeal carcinoma. Biomed Res Int. 2019;2019:7457013.  

27. Pavón M, Parreño M, Téllez-Gabriel M, Sancho F, López M, Céspedes M, et al. Gene 
expression signatures and molecular markers associated with clinical outcome in locally 
advanced head and neck carcinoma. Carcinogenesis. 2012;33(9):1707–16.  

28. Leder G, Cao YJ, Linden L, Golfier S, von Ahsen O, Schneider C, et al. Abstract LB-206: 
Target validation of C4.4a (LYPD3) as a target for antibody-drug conjugates for the 
treatment of squamous cell carcinoma of different origin. Cancer Res. 
2013;73(8_Supplement):LB-206.  

29. Tsutsumi S, Momiyama K, Ichinoe M, Kato T, Mogi S, Miyamoto S, et al. The significance 
of CD109 expression in oropharyngeal squamous cell carcinoma. Anticancer Res. 
2022;42(4):2061–70.  

30. Qi R, Dong F, Liu Q, Murakumo Y, Liu J. CD109 and squamous cell carcinoma. J  Transl 
Med. 2018;16(1):88.  

31. Zimmermann A, Salber D, Stoffels G, Klein S, Pauleit D, Kübler NR, et al. O-(2-[F-
18]fluorethyl)-L-tyrosine positron emission tomography in the diagnosis of head and neck 
cancer: increased amino acid transporter expression in squamous cell carcinomas. Int J Oral 
and Maxillofac Surg. 2009;38(5):442.  

32. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al. Single-cell 
RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science. 
2014;344(6190):1396–401.  

33. Fujikawa A, Sugawara H, Tanaka T, Matsumoto M, Kuboyama K, Suzuki R, et al. Targeting 
PTPRZ inhibits stem cell-like properties and tumorigenicity in glioblastoma cells. Sci Rep. 
2017;7(1):5609.  

34. Duś-Szachniewicz K, Woźniak M, Nelke K, Gamian E, Gerber H, Ziółkowski P. Protein 
tyrosine phosphatase receptor R and Z1 expression as independent prognostic indicators in 
oral squamous cell carcinoma. Head & Neck. 2015;37(12):1816–22.  

35. Ma L, Shen T, Peng H, Wu J, Wang W, Gao X. Overexpression of PTPRZ1 regulates p120/β-
catenin phosphorylation to promote carcinogenesis of oral submucous fibrosis. J Oncol. 
2022;2022:2352360.  


