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Figure S1. Anti-Neu5Gc reactivity of affinity purified antibodies. Human anti-Neu5Gc IgG 

were purified on either human- versus the chimpanzee-sera sialoglycoproteins as described in the 

main text or on immobilized mice sera sialoglycoproteins from the ‘human-like’ Cmah−/− (KO) 

as the preclearance column followed by immobilized sera from C57BL/6 wild-type mice (WT), 

both lacking anti-human antibodies.  The only major difference between the KO/WT mouse 

columns or the human/chimpanzee columns is the single oxygen atom that differentiates Neu5Gc 

from Neu5Ac.  25 ng/µl of purified antibodies were then analyzed for anti-Neu5Gc IgG 

reactivity on the glycan microarray and detected by Cy3-anti-human IgG revealing comparable 

reactivity profiles. 
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Figure S2. Anti-Neu5Gc IgG antibodies purified from IVIG can specifically kill tumors 

expressing cell-surface Neu5Gc in vivo.  (A) Measuring half-life of human-anti-Neu5Gc 

antibodies in mice.  Human IgG injected to mice were measured by sandwich ELISA in mouse 

serum.  Injected IgG could still be detected in mice sera on day 16 with a half-life of ~8 days 

post i.p. injection. (B) FACS analysis using a polyclonal chicken anti-Neu5Gc IgY on MC38 

murine carcinoma cells with siRNA to CMAH (MC38si) or MC38 cells with an irrelevant siRNA 

(MC38siIRR) confirms reduced expression of Neu5Gc on the cell surface of MC38si but not on 

MC38siIRR (representative of two independent experiments). (C) Affinity purified anti-Neu5Gc 

IgG can specifically kill tumors expressing Neu5Gc on the cell surface (MC38siIRR) (n=7) 

compared to the PBS treated control mice (n=6), but no significant effect is observed when the 

Neu5Gc expression on the cell surface is diminished (MC38si; n=7 for antibodies-treated group 

and n=6 for PBS-treated group), as determined by daily measurements of tumor volumes (mean 

± SEM; Two-way ANOVA P<0.05).     
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Figure S3. Cross-validation of ROC analysis of anti-GcSTn as a classifier for cancer 

cases/controls.  Probabilities of being a case were calculated using logistic regression models 

where predictors were the two parameters, α and β, which summarized the anti-Neu5Gc antibody 

response of glycan 6 (Neu5Gc-sialyl-Tn; GcSTn) against the expression levels of 20 Neu5Ac 

glycans.  Ten-fold cross-validation was used to assess the predictive ability. ROC curves were 

horizontally averaged to calculate specificities at a desired sensitivity level and box plots were 

made for specificities. (A) ROC curve for training data that had 67 non-metastatic breast cancer 

cases and 25 controls based on 500 ten-fold cross-validation runs, mean AUC=0.63,  95%CI on 

AUC=(0.29, 0.91), IQR=(0.46, 0.71). (B) ROC curve for the first validation data set that had 74 

new non-metastatic breast cancer cases and 25 new controls based on 500 ten-fold cross-

validation runs, mean AUC=0.58, 95%CI on AUC=(0.167, 0.917), IQR=(0.458, 0.708).  (C) 

ROC curve for a second validation data set that had 99 non-metastatic cases of other cancer types 

and 55 controls based on 500 ten-fold cross-validation runs, mean AUC=0.57, 95%CI on 

AUC=(0.283, 0.817), IQR=(0.483, 0.683).   
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Figure S4. Cells expressing surface GcSTn.  Jurkat cells were grown in media supplemented 

with human serum for 5 days then fed with 3 mM Neu5Ac or Neu5Gc. (A) FACS analysis using 

a polyclonal chicken anti-Neu5Gc antibody (highly specific to all Neu5Gc but not Neu5Ac 

glycans) confirms feeding with Neu5Gc.  (B) Three clones of mouse monoclonal antibodies 

specific for sialyl-Tn (STn) demonstrates cell-surface expression of this structure with either 

terminal Neu5Ac (STn; on Neu5Ac fed cells) or Neu5Gc (GcSTn; on Neu5Gc fed cells), which 

can be recognized by these antibodies. 

 

 



 6

Table S1. Review of all the studied subjects, by cancer type. 

 
Case/Control Number of subjects 

Number of subjects 
excluding metastatic 

cancers 
T

yp
e 

of
 c

an
ce

r Breast 175 141 
Prostate 39 34 
Ovary 29 26 
Lung 14 6 
Colon 22 15 

Pancreatic 16 7 
Endometrial 11 11 

Total cases 306 240 
Controls 80 80 

Total Cases + Controls 386 320 
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 Table S2. Summary of predictive ability of 4 glycans using validation data. 

Mo
del 

Model 
includes 
Glycan 

No. 

Mean AUC 

Training set (n=92)  Validation set (n=99)  

1 2 0.62 0.46 
2 6 0.63 0.58 
3 20 0.58 0.57 
4 34 0.58 0.51 

 

As summarized in Table 2, four glycans (glycans 2, 6, 20 and 34) were carried forward to the 

independent validation data set (74 non-metastatic breast cancer cases, 25 controls).  Two of 

these glycans (#6 and 20) were validated as having mean AUC’s above 0.55, as estimated by 

cross-validation. 

 
Table S3. Summary of predictive ability of glycan 6 according to cancer type in validation 
data. 
 

Cancer type No. of subjects 
Glycan 6  

Mean AUC 
Prostate 34 0.567 
Ovarian 26 0.605 
Lung 6 0.615 
Colon 15 0.486 
Pancreatic 7 0.359 
Endometrial 11 0.615 
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Supplemental Methods 

 

Detecting human antibodies in mouse sera by sandwich ELISA. Human anti-Neu5Gc 

antibodies were detected in mouse serum by ELISA as recently described (1) with several 

modifications. 96-well microtiter plates (Costar) were coated with 1 µg/well of IVIG and 

incubated over-night at 4°C.  Next, wells were blocked for 2 hours at RT with TBST followed by 

incubation with mouse serum samples diluted 1:400 in blocking solution in triplicates of 100 

μl/well or a control mouse serum positive or negative for mouse-anti-human antibodies diluted in 

TBST, for 2 hours at RT. The plates were washed three times with TBST.  Mouse-anti-human 

antibodies were detected by HRP-conjugated goat-anti-mouse Fc fragment antibody diluted 

1:10,000 in TBST (Jackson ImmunoResearch) incubated 1 hour at RT, followed by 3 washes 

with TBST and development by O-phenylenediamine in citrate-PO4 buffer, pH 5.5, and 

absorbance measured at 495 nm. 

Measuring half-life of human-anti-Neu5Gc antibodies in mice.  Human antibodies injected to 

mice were measured by sandwich ELISA in mouse serum, on the indicated days.  Cmah−/− mice 

were injected subcutaneously (s.c.) with tumor cells, and on day 5, human IgG or human anti-

Neu5Gc antibodies were injected i.p. at 25 μg/g body weight.  In order to avoid affecting dose of 

antibodies in tumor killing experiments in vivo, we tested the antibody level one day after their 

injection (day 6) and 8 days later (day 13) on an independent group of tumor-bearing mice 

injected with total human IgG (n=8), and days 14 and 16 were measured in mice sera after 

sacrifice (n=6 each). Fig. 2A describes half-life of these antibodies to be ~8 days post injection. 
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shRNA for CMAH. Silencing cassettes consisting of an RNA polymerase III promoter (H1) 

expressing short hairpin RNAs for mouse CMAH (ACCESSION NM_007717) or an irrelevant 

control were generated for the following targets: 

siV1: 5' TGAGTTACCCTACCCTGA 3', siV2: 5' GAAAGCTTCTGAATTACAA 3' siV3: 5' 

CCATAACTACCATTATTCA 3', siIRR: 5' CTAACACTGGGTTATACAA 3'.  SiRNA targets 

were selected using siRNA application from sfold (<http://sfold.wadsworth.org/) and shRNA 

cassettes were designed and cloned in lentiviral vectors expressing an additional GFP cassette as 

described (2). Infectious lentiviral vector particles were produced as described  (3). MC38 cells 

were transduced with these lenti-siRNAs viruses generating MC38si cell-lines. Long-term 

downregulation of CMAH was validated by qPCR and cell surface expression of the end product 

of the CMAH enzyme, Neu5Gc, by FACS analysis (Fig. 1D-E). Cells were sorted for GFP 

positivity to ensure uniformity.  Clone siV2 was selected for further experiments. 

qPCR for CMAH. RNA was extracted from cells with Trizol according to protocol (Invitrogen), 

and used for first-strand cDNA synthesis using random primers and SuperScriptII Reverse 

Transcriptase (Invitrogen).  qPCR was perfomed using Power SYBER Green PCR Master Mix 

(Applied Biosystems) and CMAH–specific primer sets: Forward: 5' 

ATGGCAACAGGTAGACAAAAGTC 3' ; Reverse: 5' CACCTCCTGCGAAATCACTCA 3'. 

Antibodies. Purified human Immunoglobulins (IgG), Cy5- or Cy3-streptavidin, Cy3-goat-anti-

human IgG (H+L), Cy5- or Cy3-AffiniPure donkey-anti-chicken IgY (IgG)(H+L), HRP-

conjugated goat-anti-human Fc fragment and HRP-conjugated goat-anti-mouse Fc fragment 

were from Jackson ImmunoResearch Laboratories, and affinity purified chicken anti-Neu5Gc as 

prepared as described  (4).  Mouse monoclonal antibodies specific for sialyl-Tn (STn) clone HB-

STn1 (B72.3) and clone STn219 were from GeneTex, CA, and TKH-2 was a generous gift from 
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Sen-itiroh Hakomori (5) and were used at 1:100 dilution then detected by 0.1 µg/ml of 

Phycoerythrin (PE) conjugated Goat-anti-Mouse IgG (H+L) (CALTAG Laboratories).  Human 

IVIG therapeutic preparations (pooled IgG from >10,000 individuals; free of IgM and IgA) 

discarded from the clinic was obtained from UCSD Children's Hospital, San Diego. 

Serum samples for glycan-microarray assays.  A total of 386 cancer cases and control human 

sera were studied, with approval from the Institutional Review Board of the University of 

California, San Diego. Written, informed consent was obtained in advance. Sera were collected 

from patients seen at the Moore's UCSD Cancer Center Clinic who did not have known or 

suspected pregnancy or infection. De-identified serum was placed into 12 separate bar-coded 

aliquots and stored at -80°C.  EDRN common data elements (CDE) related to sample handling 

were captured prospectively and recorded in the Biorepository database. We tested sera from 175 

breast cancer patients and other types of carcinomas including prostate (39), ovary (29), lung 

(14), colon (22), pancreas (16), endometrium (11), as well as controls (80) matched for gender 

and, as possible, for age. Control sera were obtained from patients seen at the Cancer Center 

clinics who do not have a diagnosed cancer, including those with benign tumors, therefore 

raising the bar, as it makes it even more difficult to distinguish between cancer and control (there 

were 13 benign tumor subjects in the control group including 3 parathyroid, 3 skin, 2 ovary, 2 

thyroid, 1 adrenal, 1 breast, and 1 oropharynx).  Across all the cancer cases, there were a total of 

66 patients with metastatic disease (34 breast cancer, 5 prostate, 3 ovary, 8 lung, 7 colon, 9 

pancreas, 0 endometrium).  Sera samples for analysis were divided between two separate 

facilities (UCSD and Sialix, Inc.), with 10 samples overlapped for quality control.  De-identified 

serum specimens from Biorepository subjects were subjected to microarray hybridization 

according to the optimized protocol.  Raw data was provided to the biostatistics core for analysis.  
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Thus, both the microarray assay and the initial statistical analysis were conducted blinded to the 

case/control status of the samples. 

Glycoconjugates.  All polyacrylamide (PAA)-glycoconjugates were from GlycoTech.  Human 

serum albumin (HSA)-conjugated sialosides were synthesized as described (6, 7). Sialoglycans 

pairs (in which the only difference is Neu5Ac versus Neu5Gc) were synthesized using an 

efficient one-pot three-enzyme chemoenzymatic synthetic system, as previously described (8-

10).  The sialic acid (Sia) content of all the glycoconjugates used was analyzed for their type 

(NeuAc/Neu5Gc +/- O-acetylation), quantity and purity (data not shown).  Sias were released 

from glycoconjugates by acid hydrolysis using 2 M acetic acid followed by hydrolysis for 3 

hours at 80°C.  Free Sias were then derivatized with 1,2-diamino-4,5-methylenedioxybenzene 

(DMB) and analyzed with fluorescence detection by reverse-phase HPLC (DMB-HPLC).  

Quantification of Sias was done by comparison with known quantities of DMB-derivatized 

Neu5Ac (11). 

Sialoglycan-microarray fabrication. Epoxide-derivatized Corning slides were purchased from 

Thermo Fisher Scientific (Pittsburgh, PA) and the arrays were printed with SMT-S50, Classic 

silicon pins with 50x50 µm tips from Parallel Synthesis Technologies (Santa Clara, CA) using a 

UCSF DeRisi Linear Servo Motor Microarrayer, generating ~70 μm diameter spots.  40 

glycoconjugates (Table 1) were distributed into a 384-well source plate using 4 replicate wells 

per sample and 5 μl per well (Version 7). Each glycoconjugate was prepared at four 

concentrations of 250, 125, 62.5 and 12.5 µM in an optimized print buffer (300 mM phosphate 

buffer, pH 8.4). To monitor printing quality we used replicate-wells of human IgG (Jackson 

ImmunoResearch) at 150 µg/ml (in PBS) for each printing-pin. 16 pins were used, with each pin 

printing 4 replicate spots/well (by using the 384-well source plate 4 times), 20 spots/row with 
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spacing of 220 mm. One complete array was printed on each slide (within approx 1 hour/~200 

slides). The humidity level in the arraying room was maintained at about 70% during printing. 

Printed slides were left on arrayer deck over-night, allowing humidity to drop to ambient levels.  

Next, the print order of the slides was recorded (using Fine Tip Black lab marker from VWR) 

and slides were packed, vacuum-sealed and stored in a desiccant chamber at RT until used. 

Slides were printed over 12 days in four batches of ~200 slides each, from two 384-well source 

plates (one plate for each two print batches) that were developed within one month.  Sera binding 

to array slides was tested and analyzed as detailed in supplemental methods. 

Serum binding assays.  Slides were incubated for 1 hour in a staining dish with 50°C pre-

warmed blocking solution (0.05 M Ethanolamine in 0.1 M Tris pH 9) to block the remaining 

reactive groups on the slide surface, then washed twice with 50°C pre-warmed dH2O.  Slides 

were placed in Antibody Amplifier ProHisto (Columbia, SC) and blocked with 5 ml/slide 

blocking solution 2 (PBS/OVA, 1% w/v Ovalbumin in PBS pH 7.4) for 1 hour at room 

temperature (RT), with gentle shaking. Next, the blocking solution was aspirated and 1:100 

diluted serum samples were added to each slide (in PBS/OVA, 2.5 ml/slide) and allowed to 

incubate with gentle shaking for 2 h at RT. Slides were washed twice with PBST (PBS, 1% 

Tween) then with PBS for 10 min/wash with shaking.  Bound antibodies were detected by 

incubating with Cy3-goat-anti-human IgG (H+L) (Jackson ImmunoResearch) diluted 1:500 in 

PBS (1.5 mg/ml) at RT for 1 hour.  Slides were washed twice with PBST (PBS, 1% Tween) then 

with PBS followed by dH2O for 10 min/wash with shaking, then centrifuged at 200×g for 3 min. 

Dry slides were vacuum-sealed and stored in dark until scanning the following day. 

Array Slide Processing.  Slides from 4 print days were used (day 1:198 slides; day 2: 118 

slides; day 3:150; and day 4:2). Slide assays were performed in parallel at two facilities 
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according to the distribution of human sera samples.  Statistical analysis conducted to compare 

reproducibility between facilities and showed they were very comparable in detecting elevated 

Neu5Gc glycan antibody expression levels (data not shown).  Slides were developed 

simultaneously by both facilities on a total of 10 different days (within a month after printing), 

while blinded to case/control status of the samples being assayed. Slides were scanned one day 

after development (max 48 slides/day) at two gains (to avoid loss of marginal high/low signals), 

as described below.  For quality control (QC) in each experimental day three control slides were 

assayed along with the sera samples.  This included Cy3-anti-human IgG antibody (1:500, 1.5 

µg/ml) as a singular detector on a slide, human serum with known high reactivity to multiple 

Neu5Gc-glycan epitopes (1:100; S34 as described (7)) detected with Cy3-anti-human IgG 

antibody, and with a polyclonal affinity purified chicken anti-Neu5Gc antibody (1:10,000)  (4) 

detected with Cy3-AffiniPure donkey-anti-chicken IgY (1:1,000, 0.75 µg/ml), as detailed in the 

main text. If we use glycan 6 as a representative (thus there are 16 values per slide: 4 replicate 

titration curves with concentrations 12.5, 62.5, 125, 250 µM), the log antibody expression values 

at gain=350 from Cy3-anti-human IgG were consistently low and with little variability (11 

slides; Q1 range: 5.70-5.70; median range: 5.70-5.71; Q3 range: 5.70-5.75), whereas the values 

from the polyclonal chicken anti-Neu5Gc antibody (10 slides; Q1 range: 5.71-7.15; median 

range: 6.80-7.53; Q3 range: 7.0-7.68) were consistently high, and the values from S34 (11 slides; 

Q1 range: 5.70-7.28; median range: 6.09-7.69; Q3 range: 6.33-7.81) were more variable.  These 

32 control slides were made on 11 scan dates, 5 print days and with 5 different slide print 

numbers.     

Image processing.  Slides were scanned at 10 μm resolution with a Genepix 4000B microarray 

scanner (Molecular Devices Corporation, Union City, CA) using two gains (350 and 450). Image 
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analysis was carried out with Genepix Pro 6.0 analysis software (Molecular Devices 

Corporation). Quality checking and image analysis procedures were determined using an initial 

training data set of 5 cases and 5 controls.  Spots were defined as circular features with a fixed 

radius of 100 μm; this gave more consistent results than the variable radius feature in the 

Genepix scanning software. Local background subtraction was performed and the differences 

were shifted up by a relatively small constant (visually chosen to be 300 based on the plots for 

the raw data) to eliminate negative values; the shifted differences were set to be 100 if they are ≤ 

100 units ; and all values were log-transformed to ensure normality.  Results using the two gains 

were consistent; data from gain 350 were used in the final analysis. 

Array statistical methods.   Data were plotted separately for each subject-slide with different 

symbols used for different pin-blocks or concentrations; we used antibody expression values 

after background subtraction, shifting and thresholding and log transformation as described 

above. Expression values of antibodies against the 20 Neu5Ac glycans remained consistently 

low across subjects, and so the average Neu5Ac antibody expression within each slide was taken 

as a normalizing factor. Each subject’s anti-Neu5Gc antibody response on a slide was 

summarized with two parameters (intercept α and slope β), which describe anti-Neu5Gc 

antibody response as a function of Neu5Gc glycan concentration.  These parameters were 

estimated from a mixed-effects model fit to the data for each subject.  In the model we initially 

included random effects for all potential major sources of variation (printing day, scanning day, 

slide print number and pin-block number), however we retained only effects consistently 

significant across subjects, using a likelihood ratio test at 10% significance level. The final 

model used to derive the parameters α (mean difference between Neu5Gc and Neu5Ac glycans 

at the lowest concentration) and β (difference in slopes between Neu5Gc and Neu5Ac glycans as 
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the concentration increases) for each subject is detailed below.  This model included an indicator 

for Neu5Gc (1 for Neu5Gc and 0 for Neu5Ac), a term for concentration (values 0, 1, 2, and 3 

corresponded with four concentrations 12.5, 62.5, 125, and 250µM, respectively) and the 

interaction term of the Neu5Gc indicator with concentration; a random block effect was included 

to account for the variation between the pin-blocks (there are usually 16 blocks within each slide; 

a slide corresponds to one subject):  

yijk= α0 + α*Ii(Gc) + β0*concentrationj +β*Ii(Gc)*concentrationj+ random (block) + errorijk 

yijk is the transformed antibody expression value;  

i =1, …, 20 (indexes 20 Neu5Ac glycans) and 21 (indexes each of the 4 Neu5Gc glycan of 

interest).   

j=1, 2, 3, and 4, which indexes the four concentration values tested, respectively;  

k= 1, 2, 3, and 4, which indexes the four replicates (of each glycan in each concentration). 

For both the training and two validation data sets, for each glycan, parameters α and β were 

obtained for each subject as the measure of anti-Neu5Gc antibody response and were then used 

as predictors in a logistic regression model to discriminate between cancer cases and controls.  

The predictive power of the regression was assessed using the area-under-the-curve (AUC) of 

the ROC curve, and 10-fold cross-validation (cv) was used assess to the variability of the ROC 

curves.  In each cv run, 90% of the cases and 90% of the controls in a data set were randomly 

selected, and estimated coefficients from the fitted logistic regression were then obtained to 

calculate the probability for a subject being a case in the remaining 10% of subjects. An AUC 

was calculated for each run and mean AUC was then calculated across all the 500 runs.  The 

2.5th and 97.5th percentiles were used to construct the 95% confidence intervals on the AUC’s.  

Summary ROC curves were plotted; ROC curves were horizontally averaged to calculate 
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specificities at a given sensitivity level.  Analyses were performed in R version 2.5; the ROCR 

package  (12) was used to summarize the cross-validated ROC curves. 

Subject characteristics.  A total of 386 cancer cases and controls were involved in this study as 

described in Table S1. Across all the cancer cases, there were a total of 66 cases with metastatic 

disease.  To develop a primary analysis plan and train the initial classifier, 5 breast cancer cases 

and 5 controls with un-blinded case/control status were used.  The validation data for the initial 

classifier included 175 breast cancer subjects and 50 controls with case/control status blinded to 

both the analyzing statisticians and scientists who assayed the sera.  The case/control status for 

these subjects was then un-blinded to the senior author only and half of the previous samples (87 

cancer subjects and 25 controls) were randomly selected as a training set to select glycans for 

further consideration.  The other half (86 cancer subjects and 25 controls) were used as a second 

validation set to which the statisticians remained blinded at this stage. A final independent 

validation set included 131 cases from other cancer types and 30 additional controls. 

Sialoglycan-microarray: training an initial classifier, using glycans with significantly 

expressed Anti-Neu5Gc antibodies for each subject.  We initially used 24 slides hybridized 

with human serum with known high anti-Neu5Gc antibodies (S34 as described (7)) to develop 

quality control and analysis methods.  Subsequently, to assess a possible cancer-biomarker in the 

form of specific anti-Neu5Gc antibodies, we generated a glycan-microarray containing multiple 

Neu5Gc-epitopes together with their respective Neu5Ac, as a control.  Serum samples from 

cancer or control patients were tested.  We used an initial small set of training-data, (5 cancer 

cases and 5 controls) to train a classifier using the number of significantly elevated anti-Neu5Gc 

antibodies within each subject, compared to the pan antibody level of 20 Neu5Ac glycans.  Anti-

Neu5Gc antibodies were considered significantly expressed if the likelihood ratio test p-value for 
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its summary parameters α and β differed significantly from 0 at the 0.0025 level (Bonferroni 

adjustment of a significance level of 0.05, adjusted for the 20 Neu5Gc glycans tested). The data 

suggested a median number of 10 significant comparisons to be used as a cut-off to classify 

subjects into cases and controls.  Results from the two gains gave very similar results: the false 

positive rate and the false negative rate were both 1/5=20%. 

Validation of the initial classifier using 225 new breast cancer cases/controls.  A total of 175 

breast cancer cases and 50 controls with blinded case/control status were analyzed according to 

the classification rule developed on the initial training data.  This analysis was pre-specified and 

formalized in a memorandum between the primary authors prior to receiving the data:  for each 

subject, the summary parameters α and β were derived for each anti-Neu5Gc antibody as before, 

and if 10 or more of the 20 anti-Neu5Gc antibodies tested were significantly expressed, the 

subject was to be classified as a case; otherwise the subject was to be classified as a control. 

Among 225 subjects, 49 (21.8%) were classified as cases and 176 (78.2%) as controls. 

Calculation done by a third party showed that the sensitivity was 37/175=21.1% and the 

specificity was 34/50=68%.   The statistical team remained blinded as to the case control status 

of these subjects throughout this analysis. 

A similar pre-specified secondary analysis was performed to use specific sub-groups of the 

Neu5Gc glycans, selected according to the linkage to the underlying glycan (α2−3 or α2−6) or 

according to the Sia O-Acetylation status, to compare to the pan Neu5Ac level. The median 

number of comparisons was also used as a cut-off for cases vs. controls. There was no noted 

improvement in increasing sensitivity or specificity (data not shown). 
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