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Significance

MYC is one of the most frequently 
dysregulated oncogenes in 
human cancer. We discover that 
MYC causally regulates 
glycosylation on the surface of 
cancer cells, which in turn 
facilitates immune evasion. Using 
a conditional transgenic model of 
MYC-induced tumorigenesis, we 
find that MYC drives the display 
of a particular glycan known as 
disialyl-T on tumor cells. 
Remarkably, the disialyl-T glycan 
engages specific Siglec receptors 
on myeloid cells to inhibit the 
anticancer immune response, 
thereby promoting tumor growth 
in vivo. These data identify a 
signature of malignant 
glycosylation on MYC-driven 
cancers that suggests potential 
targets for immunotherapy.
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The Siglecs (sialic acid-binding immunoglobulin-like lectins) are glycoimmune check-
point receptors that suppress immune cell activation upon engagement of cognate 
sialoglycan ligands. The cellular drivers underlying Siglec ligand production on cancer 
cells are poorly understood. We find the MYC oncogene causally regulates Siglec 
ligand production to enable tumor immune evasion. A combination of glycomics and 
RNA-sequencing of mouse tumors revealed the MYC oncogene controls expression 
of the sialyltransferase St6galnac4 and induces a glycan known as disialyl-T. Using 
in vivo models and primary human leukemias, we find that disialyl-T functions as a 
“don’t eat me” signal by engaging macrophage Siglec-E in mice or the human ortholog 
Siglec-7, thereby preventing cancer cell clearance. Combined high expression of MYC 
and ST6GALNAC4 identifies patients with high-risk cancers and reduced tumor 
myeloid infiltration. MYC therefore regulates glycosylation to enable tumor immune 
evasion. We conclude that disialyl-T is a glycoimmune checkpoint ligand. Thus, 
disialyl-T is a candidate for antibody-based checkpoint blockade, and the disialyl-T 
synthase ST6GALNAC4 is a potential enzyme target for small molecule-mediated 
immune therapy.

glycosylation | MYC | oncogene | Siglec

The Siglecs are a family of immune modulatory receptors that populate all classes of 
immune cells (1–4). Of the 14 Siglec family members in humans, nine possess intracellular 
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that signal to suppress immune 
cell activation, analogous to the activity of PD-1 and SIRPα on T cells and macrophages, 
respectively (3). Reports that Siglecs on macrophages (5–7), NK cells (8–11), and T cells 
(12, 13) contribute to cancer immune evasion have stimulated interest in targeting Siglecs 
and their ligands for immune therapy (14).

The tumor-associated sialoglycans that engage Siglec receptors are not well-understood 
nor are the mechanisms that drive their upregulation in the tumor microenvironment. 
There is a long history (>60 y) of studies observing increased abundance of sialic acids on 
cancer cells (15). Likewise, immunohistochemical studies with Siglec-Fc reagents have 
shown the upregulation of functional Siglec ligands in various cancers (9). However, the 
molecular structures of glycans that support Siglec binding in tumor microenvironments 
are largely unknown. Tumor-associated glycan signatures are products of biosynthetic 
machineries that are presumably altered in cancer. Changes in glycogene expression are 
widely observed in cancer (16, 17), but a cohesive picture that relates these transcriptomic 
changes to altered glycosylation of functional relevance is lacking. Furthermore, the mech-
anisms driving altered glycogene expression have not been addressed. Understanding the 
biological axis connecting oncogenesis, glycan biosynthesis, and Siglec-mediated immune 
evasion could reveal new targets for cancer immunotherapy.

We hypothesized that the MYC oncogene regulates glycosylation and, in particular, the 
biosynthesis of sialoglycans. MYC is a transcription factor that is dysregulated in over 
70% of human cancers where its overexpression is associated with poor patient outcomes 
(18–20). MYC is a common oncogenic driver even in tumors where it is not genomically 
dysregulated or directly overexpressed (21). For example, the epistatic activation of MYC, 
for instance, via NOTCH1 signaling in T-cell acute lymphoblastic leukemia (T-ALL)  is 
essential to tumorigenesis (22–24). By regulating programs of gene transcription, MYC 
contributes to various hallmarks of cancer, including cellular proliferation and growth, 
self-renewal and stemness, cellular metabolism and protein biogenesis, evasion of apop-
tosis, and genomic instability (25–35). Two earlier studies using fibroblast and colon 
adenocarcinoma lines found that MYC promotes N-glycan branching (36) and display 
of the glycan sialyl-Lewisx (37), respectively, although the physiological relevance of these 
changes was unclear. We recently demonstrated that MYC also contributes to cancer’s 
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escape from immune surveillance by regulating the expression of 
checkpoint protein ligands (38–40). Therefore, we wondered 
whether MYC’s program for immune suppression might extend 
to the synthesis of sialoglycans that engage Siglecs. Here, using a 
conditional transgenic mouse model of MYC-induced T-ALL that 
expresses human MYC in a tetracycline-dependent manner 
(EμSRα-tTA/tet-O-MYC) (41), we asked whether MYC directs 
altered glycosylation and how this affects the innate antitumor 
immune response and tumorigenesis (SI Appendix, Fig. S1A).

Results

MYC Drives St6galnac4 Expression and Promotes Cell Surface 
Display of the Disialyl-T Glycan Structure. To assess whether 
MYC expression affects the abundance of sialoglycans on cancer 
cells, we used a periodate-aminooxy ligation (42) to quantify sialic 
acids on the surface of MYC-driven T-ALL cells in the MYC on 
(no doxycycline) and off states (plus doxycycline) (SI Appendix, 
Fig. S1B). After 48 h, MYC off cells lost over 50% of surface-
bound sialic acids relative to cells in the MYC on state (Fig. 1A). 
This was not caused by an overall reduction in metabolic activity in 
the MYC off cells, as MYC on and off cells had similar quantities of 
total sialic acid per cell as measured in total cell lysates (SI Appendix, 
Fig. S2 A–C). Instead, high MYC activity appeared to specifically 
promote the display of sialoglycans on the cell surface.

Subsets of sialoglycans are recognized by the lectins MAA II 
(glycans containing Neu5Acα2–3Galβ1–3GalNAc) (43) and SNA 
(glycans containing Neu5Acα2–6Gal) (44), that we used to fur-
ther probe the effects of MYC expression on cell surface sialoside 
display. We observed a decrease in MAA II staining by flow cytom-
etry within 24 h after turning MYC off and a decrease in SNA 
staining that was delayed until 48 h (Fig. 1 B and C). Also, we 
assayed the recovery of MAA II binding to MYC on and off cells 
following treatment with a sialidase to remove all cell surface sialic 
acids. While MAA II binding to MYC on cells recovered to similar 
levels as untreated controls within 30 h, MAA II binding to MYC 
off cells only recovered partially within this time period 
(SI Appendix, Fig. S3 A and B). MYC therefore activates biosyn-
thetic processes that enhance the expression of MAA II-binding 
sialoglycans on the tumor cell surface.

To identify the specific sialoglycan structures that are regulated 
by MYC overexpression, we performed glycomics analyses by mass 
spectrometry focusing on O-glycans (linked to Ser/Thr) and 
N-glycans (linked to Asn). O- and N-glycans were released from 
glycoproteins in whole-cell lysates by β-elimination and PNGase 
digestion, respectively. The glycans were methylated and then 
identified and quantitated by MALDI-TOF mass spectrometry. 
The structures of the glycans we detected were confirmed using 
NSI-FTMS/MS (SI Appendix, Fig. S4 A and B).

We observed a striking difference in O-glycan profile between 
the MYC on and off states. In MYC on cells, the O-glycans were 
dominated by a sialoglycan named disialyl-T (Neu5Acα2–
3Galβ1–3[Neu5Acα2–6]GalNAc), which represented approxi-
mately 60% of the total signal present (Fig. 1D). Conversely, in 
MYC off cells, disialyl-T represented only 37% of the total 
O-glycans (Fig. 1E). We confirmed these changes by assaying the 
recovery of disialyl-T on MYC on and off cells following sialidase 
treatment. At 48 h after sialidase treatment, disialyl-T represented 
23% of the O-glycans on MYC on cells compared to 5% of the 
O-glycans on MYC off cells (SI Appendix, Fig. S5 A–C).

By contrast, N-glycan profiling revealed only subtle differences 
between the MYC on and off states. We observed a variety of 
high-mannose structures, likely representing immature N-glycans, 
in both conditions and further identified several low-abundance 

sialylated bi- and tri-antennary N-glycans that were undetectable in 
the MYC off state (SI Appendix, Figs. S6 A and B and S7 A and B). 
Still, the most pronounced effects of MYC expression on the 
 glycome were found among the O-glycans.

The elevated levels of disialyl-T in the MYC on state suggested 
this regulation occurred via enzymes or scaffolds underpinning 
this structure. To identify such elements, we performed RNA-
sequencing (RNA-seq) on T-ALL in the MYC on and off states 
(SI Appendix, Table S1). We observed significant changes in the 
expression of over 8,000 genes at a false discovery rate (FDR) of 
0.01, and a GO term analysis showed enrichment for genes related 
to ribosome biogenesis and RNA processing in MYC on cells, as 
has been reported previously (SI Appendix, Fig. S8A and Table S2) 
(45–53). To focus our analysis on genes that directly contribute 
to sialoglycan synthesis, we selected annotated glycogenes exhib-
iting a log2 fold change greater than 1.5 (Fig. 1F and SI Appendix, 
Table S3) (54).

Six glycosyltransferases exhibited MYC-dependent increases in 
expression, including Fut4, involved in Lewisx synthesis and 
metastasis (55, 56), and Xxylt1, involved in NOTCH glycosylation 
(57). However, the most prominent of these MYC-regulated genes 
was the sialyltransferase St6galnac4. The sialyltransferases are a 
family of twenty enzymes responsible for adding sialic acid through 
different linkage geometries to underlying glycans (58). 
We observed that the titrated level of MYC expression differen-
tially regulated the expression of various members of this family 
(Fig. 1G and SI Appendix, Fig. S8B). Importantly, the large 
increase in MYC-promoted St6galnac4 expression was accompa-
nied by preferential binding of MYC to the St6galnac4 promoter 
(GSE44672; SI Appendix, Fig. S8C) (35). MYC had no significant 
effects on the expression of genes involved in sialic acid synthesis, 
recycling, degradation, or modification (SI Appendix, Fig. S8D). 
We performed an additional RNA-seq experiment in which gene 
expression was measured at various time points after turning MYC 
off to assess whether the emergence of these patterns in sialyltrans-
ferase expression correlated temporally with MYC (Fig. 1H and 
SI Appendix, Table S4). MYC transgene expression fell to near 
baseline levels within 2 h of doxycycline treatment, and within 
that time frame, St6galnac4 expression had already decreased by 
more than 50% (Fig. 1I). These data suggest that MYC regulates 
St6galnac4.

Previous work identified ST6GALNAC4 as a disialyl-T syn-
thase that operates by conjugating sialic acid through an α2,6-link-
age to sialyl-T (Fig. 1J) (59–61). Hence, we next asked whether 
ST6GALNAC4 is responsible for disialyl-T synthesis in MYC-
driven T-ALL. We generated St6galnac4−/− cells using the CRISPR/
Cas9 system. O-glycomics analysis of these knockout cells com-
pared to wild type (WT) revealed a loss of disialyl-T consistent 
with a role for ST6GALNAC4 as a disialyl-T synthase (Fig. 1K). 
Therefore, MYC-promoted St6galnac4 expression induces display 
of the disialyl-T sialoglycan in T-ALL cells.

ST6GALNAC4 Produces Sialoglycans that Bind to Siglec-E/-7 
and Inhibit Macrophage Phagocytosis. Tumor sialoglycans 
engage immune cell Siglecs (5–13). We therefore asked whether 
MYC-promoted disialyl-T engages a Siglec receptor. There are 
fourteen Siglecs in humans and five homologous proteins in mice. 
Sialoglycans on T-ALL capable of binding any member of the Siglec 
family may be detected using Siglec-Fc reagents that comprise the 
extracellular portion of the Siglec fused to an IgG Fc domain. All 
commercially available Siglec-Fc reagents were screened against 
safe targeting control WT and St6galnac4−/− T-ALL cells in the 
MYC on and off states by flow cytometry. Sialoglycan ligands were 
detected for human Siglecs-7 and -9, and mouse Siglecs-E and 
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Fig. 1. MYC regulated St6galnac4 promotes display of the glycan disialyl-T. (A) Murine T-ALL cell surface sialic acids were quantified at various time points after 
doxycycline administration to turn off expression of the MYC transgene. Sialic acids were detected via oxidation with mild periodate treatment and subsequent labeling 
with an aminooxy-biotin probe (n = 3 per time point, two-tailed Student’s t test comparing each time point to t = 0 h, *P < 0.05, **P < 0.01). Data are normalized 
to control, mean ± SEM. (B and C) Sialoglycans were measured at various time points using the lectins SNA and MAA II after turning MYC off (n = 3 per time point, 
two-tailed Student’s t test comparing each time point to t = 0 h, *P < 0.05, **P < 0.01). Data are normalized to control, mean ± SD. (D and E) The O-glycome of MYC 
on (D) and off (E) cells was profiled by MALDI-TOF mass spectrometry following β-elimination. The relative abundance of recognizable glycan species within the 
spectrum is indicated. (F) RNA-sequencing of cells in the MYC on and off states. Volcano plot shows differential expression of annotated glycogenes. Genes exhibiting 
log2 fold changes greater than 1.5 and meeting a significance threshold of P < 0.01 at an FDR = 0.01 are highlighted (n = 3 per treatment group). (G) Heatmap of 
sialyltransferases meeting an expression threshold >2 transcripts per million (TPM). Data are displayed as a Z-score from column-normalized TPMs. (H) Heatmap 
of MYC transgene and relevant sialyltransferase expression generated by RNA-seq of T-ALL at the indicated time after doxycycline administration to turn MYC off. 
Data are displayed as a Z-score from row normalized TPMs (n = 3 per group). (I) Expression of the MYC transgene and St6galnac4 were profiled by RNA-seq in T-ALL 
at the indicated time after turning off MYC. Data are normalized to t = 0 h, mean ± SD (n = 3 per group). (J) Schematic for elaboration of sialyl-T into disialyl-T by 
ST6GALNAC4. (K) The O-glycome of St6galnac4−/− cells was profiled by MALDI-TOF mass spectrometry following β-elimination.
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-F, on the surface of MYC on WT cells (Fig. 2A). In the MYC off 
state, the display of these Siglec ligands decreased, and ligands for 
Siglec-E and -7 completely disappeared from St6galnac4−/− cells. 
Murine Siglec-E is considered the ortholog of human Siglec-7 
(62, 63). In MYC off cells, ligands for Siglecs-E and -7 steadily 
decreased over 72 h (Fig. 2 B and C and SI Appendix, Fig. S9).

We examined whether St6galnac4 is sufficient for the creation of 
Siglec ligands. We generated WT and St6galnac4−/− cells reexpress-
ing either a mutant St6galnac4 predicted to lack catalytic activity 
or WT St6galnac4 (SI Appendix, Fig. S10A). St6galnac4−/− cells 
reexpressing WT enzyme recovered the ability to express disialyl-T 
and bind Siglecs-7 and -E, while St6galnac4−/− cells expressing the 
mutant St6galnac4 did not (Fig. 2 D and E and SI Appendix, 
Fig. S10 B–D). Therefore, disialyl-T is produced by St6galnac4 and 
is a ligand for mouse Siglec-E and human Siglec-7. Then, we 
attempted to identify the protein scaffold for disialyl-T by perform-
ing immunoprecipitations with Siglec-7 followed by mass spectrom-
etry-based proteomics. By comparing proteins pulled down from 
WT but not St6galnac4−/− cells, we found that disialyl-T functions 
as a ligand for Siglec-7 when linked to the glycoprotein CD43, 
consistent with a recent report (Fig. 2F and SI Appendix, Table S5) 
(64). Notably, Spn (the gene encoding CD43) expression was 
inversely correlated with MYC levels in our RNA-seq datasets 
(SI Appendix, Fig. S11 A and B). Thus, St6galnac4 synthesizes 
disialyl-T which functions as a Siglec ligand.

Siglec-E has been reported to modulate macrophage activity 
(7, 65). Hence, we asked whether the presence of disialyl-T, and 
thus Siglec-E ligands, on T-ALL decreases phagocytosis by mac-
rophages. T-ALL cells that were labeled with a pH-sensitive red 
dye to detect internalization and entry into the lysosome were 
coincubated with bone marrow-derived macrophages (BMDMs). 
Phagocytosis of St6galnac4−/− cells in the coculture was higher 
than that of controls (SI Appendix, Fig. S12A) and was reversed 
when the knockout cells were rescued by reexpressing WT 
St6galnac4 (Fig. 2G). Disialyl-T produced by St6galnac4 inhibits 
phagocytosis of T-ALL.

To test if Siglec-E influences macrophage phagocytosis, we per-
formed two studies. First, we generated BMDMs from 
Siglece−/− mice. These Siglece−/− BMDMs phagocytosed tumor cells 
to a greater extent than their Siglece-positive counterparts, but 
could not discriminate between WT and St6galnac4−/− target cells 
(Fig. 2H and SI Appendix, Fig. S12 B–D). Second, we synthesized 
a small molecule selective Siglec-E inhibitor (66) and demon-
strated that it blocks the binding of Siglec-E-Fc to target cells 
(Fig. 2 I and J and SI Appendix, Figs. S13 and S14). The addition 
of the Siglec-E inhibitor to cocultures both increased macrophage 
phagocytosis and eliminated the ability of macrophages to dis-
criminate between WT and St6galnac4−/− target cells (Fig. 2K). 
We conclude that disialyl-T engages Siglec-E and in doing so 
suppresses macrophage phagocytic activity.

Then, we assessed whether the macrophage secretome is altered 
by interactions with tumor disialyl-T. Through a Luminex assay, 
we measured cytokines in BMDM lysate following coculture with 
T-ALL. BMDMs exposed to St6galnac4−/− vs. WT T-ALL secreted 
slightly less CCL3 and CCL7, consistent with a prior report of 
diminished CCL7 production by Siglec-E knockout BMDMs 
(67). Production of CXCL10, involved in T and NK cell recruit-
ment, trended upward after exposure to St6galnac4-/- targets 
(Fig. 2L and SI Appendix, Fig. S15). Therefore, tumor disialyl-T 
alters BMDM phenotype.

St6galnac4 Promotes MYC-Driven T-ALL Growth In  Vivo. 
We asked whether St6galnac4 and disialyl-T promote tumor 
growth in  vitro and in  vivo. To test in  vitro growth potential, 

we observed that St6galnac4 knockdown T-ALL exhibits a small 
growth advantage in tissue culture compared to WT T-ALL 
(SI Appendix, Fig. S16 A and B). To test the effect of St6galnac4 
expression on in vivo tumor growth, T-ALL cells either with or 
depleted of St6galnac4 expression were then assessed for their 
ability to engraft in three different immunological contexts. First, 
St6galnac4 knockdown T-ALL exhibited reduced tumor growth 
when transplanted into immunocompetent, WT FVB/N mice 
intravenously (Fig. 3 A and B) and subcutaneously (SI Appendix, 
Fig. S16C). Second, intravenous transplantation of T-ALL into 
immunocompromised Rag1−/− FVB/N mice showed diminished 
growth of St6galnac4−/− tumors relative to control (SI Appendix, 
Fig. S16 D and E). Third, intravenous transplantation of T-ALL 
into immunodeficient NOD/SCID/IL2Rγ−/− (NSG) mice similarly 
revealed slowed progression of tumors depleted of St6galnac4. This 
was accompanied by a relative increase in myeloid cells (CD11b+ 
cells: 14.5% vs. 7.4% in control) (SI Appendix, Fig. S16 F–H). 
These data indicate that St6galnac4 promotes the growth and 
engraftment of T-ALL in vivo.

Next, we examined the effect of tumor-associated St6galnac4 
expression on the host immune environment. We transplanted 
WT and St6galnac4−/− T-ALL intravenously in syngeneic hosts 
and surveyed major immune compartments in the spleen and 
peripheral blood (Fig. 3 C and D and SI Appendix, Fig. S17 A and 
B). NK cell and CD86+ macrophage frequencies were elevated in 
spleens of mice that received St6galnac4−/− cells as compared to 
WT (NK: 2.7% vs. 2.0% of CD45+; CD86+ macrophages: 2.6% 
vs. 1.2% of CD45+) (Fig. 3C). Also, we observed increased fre-
quencies of CD4+ T cells (72.5% vs. 64.7% of T cells) and 
decreased frequencies of CD8+ T cells (25.1% vs. 32.8% of T 
cells) in mice that were transplanted with St6galnac4−/− T-ALL 
cells compared to WT T-ALL (Fig. 3D). This shift toward a higher 
CD4/CD8 T cell ratio in mice bearing St6galnac4−/− tumors is 
similar to the trend observed in the immune system of healthy 
patients compared to those with cancer (68). Likewise, activated 
CD4+ and CD8+ T cells as assessed by CD69 positivity were more 
abundant in mice that received St6galnac4−/− T-ALL cells as com-
pared to mice that received WT T-ALL (CD69+ CD4+: 0.4% vs. 
0.2% of CD4+ T cells; CD69+ CD8+: 1.8% vs. 1.5 % of CD8+ 
T cells) (Fig. 3D). Therefore, T-ALL associated St6galnac4, and 
thus disialyl-T, interferes with myeloid-mediated immunity and 
T cell activity to promote tumor development in vivo. These 
results are consistent with our observation of reduced phagocytosis 
of cells expressing St6galnac4.

Next, we tested whether the expression of Siglec-E, the receptor 
for disialyl-T, affects T-ALL progression in vivo by performing 
T-ALL transplant experiments in Siglec-E knockout mice (69). 
To enable syngeneic allografts in Siglece−/− mice, we backcrossed 
our MYC-transgenic T-ALL mouse model to the C57BL/6J back-
ground for over 10 generations. We established a new MYC-driven 
T-ALL tumor-derived cell line from this background. We then 
transplanted T-ALL cells subcutaneously in WT and Siglece−/− mice 
and monitored tumor growth over time. T-ALL cells engrafted in 
all mice and formed palpable nodules regardless of genetic back-
ground, suggesting that Siglec-E expression does not affect tumor 
engraftment. Interestingly, while all tumors in the WT animals 
kept growing, tumor regression was seen in three out of seven 
Siglece−/− mice (Fig. 3 E and F). This was accompanied by pro-
longed survival of Siglece−/− mice compared to WT mice bearing 
MYC-driven T-ALL (Fig. 3G). Thus, engagement of host Siglec-E 
promotes MYC-driven T-ALL progression in vivo.

We asked if MYC regulates glycosylation in two autochthonous 
models that mimic in situ tumorigenesis and engraftment. RNA-seq 
of the Eμ-Myc transgenic mouse model of Burkitt lymphoma (34) 
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Fig. 2. ST6GALNAC4 synthesizes Siglec-E/-7 ligands. (A) Heatmap of Siglec binding capacity displayed by control or St6galnac4−/− T-ALL as measured by flow 
cytometry following staining with the indicated Siglec-Fc reagent. Cells were treated with either PBS or doxycycline for 48 h to turn off the MYC transgene. Siglec-
Fc reagents are indicated on the right side of the plot, where “m” indicates murine and “h” indicates human. Bold/red font highlights substantial reductions in 
the presentation of ligands for human Siglec-7 and murine Siglec-E on St6galnac4−/− and MYC off cells. Plot is representative of two independent experiments. 
(B and C) Display of ligands for Siglec-7 (B) and Siglec-E (C) on murine T-ALL at the indicated time points after turning MYC off as quantified by flow cytometry 
following staining with a Siglec-Fc reagent (n = 3 per time point, two-tailed Student’s t test comparing each time point to t = 0 h. *P < 0.05, **P < 0.01, data 
are representative of two independent experiments). Data are normalized to control, mean ± SD. (D and E) Representative flow cytometry plots of Siglec-7 
(D) and Siglec-E (E) ligands displayed by WT and St6galnac4−/− cells reexpressing wild type (WT) or mutant (Mut) St6galnac4. Plots are representative of three 
independent experiments. (F) Proteins enriched by immunoprecipitation of T-ALL lysate with Siglec-7-Fc were identified by shotgun proteomics. Annotated cell 
surface or secreted proteins are displayed on the plot in black, with purple denoting the subset of glycoproteins. The intensity of spectra from WT relative to 
St6galnac4−/− T-ALL is displayed [n = 3 per group, significance cutoff by Student’s t test with a false discovery rate of 0.0001 and minimum enrichment (S0) of 5]. 
(G) Phagocytosis by BMDMs of WT and St6galnac4−/− T-ALL rescued by transfection with empty vector or St6galnac4 (n = 6 per group, two-tailed Student’s t test). 
Data are normalized to control (WT, no rescue) and presented as mean ± SD. (H) Phagocytosis by Siglece−/− BMDMs of WT and St6galnac4−/− T-ALL rescued by 
transfection with empty vector or St6galnac4 (n = 6 per group, two-tailed Student’s t test). Data are normalized to control (WT target cells, WT BMDMs, no rescue) 
and presented as mean ± SD. (I) Structure of the Siglec-E inhibitor. (J) Inhibition of Siglec-E-Fc binding to murine T-ALL by the Siglec-E inhibitor. Plot representative 
of three independent experiments. (K) Phagocytosis by BMDMs of control and St6galnac4−/− T-ALL in the presence of Siglec-E inhibitor or mock DMSO treatment 
(n = 6 per group, two-tailed Student’s t test). Data are normalized to control (mock-treated WT target cells) and presented as mean ± SD. (L) Cytokines released 
by BMDMs after incubation with anti-Thy1.1 antibody plus WT or St6galnac4−/− target cells (n = 3 per group, two-way ANOVA using a single family and Tukey’s 
test for multiple comparisons, * is significant with adjusted P < 0.0001). Full multiplex cytokine panel in supplement.
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Fig. 3. St6galnac4 promotes tumor growth in vivo. (A) Bioluminescence imaging of syngeneic WT FVB/N mice transplanted IV with luciferase-labeled MYC-driven 
T-ALL cells expressing either a St6galnac4-specific or control shRNA. Images show tumor burden on day 9 and 22 posttransplantation. (B) Tumor growth in mice 
described in (A) was assessed by bioluminescence imaging over time and quantified [n(sh-Control) = 11, n(sh-St6galnac4−/−) = 9, mixed effects analysis]. (C and 
D) Flow cytometric analysis of splenocytes (C) and peripheral blood mononuclear cells (D) isolated from FVB/N mice 23 d after IV-transplantation of MYC-driven 
T-ALL expressing either wild type (WT) St6galnac4 (WT Control, n = 5) or lacking St6galnac4 expression (St6galnac4−/−, n = 5). Frequencies of indicated immune cell 
subsets are shown per mouse (two-tailed Mann–Whitney test, *P < 0.05, **P < 0.01). (E and F) MYC-driven T-ALL was transplanted subcutaneously into either WT 
or Siglece−/− mice. Tumor growth was monitored by caliper measurement. (G) Survival of T-ALL bearing WT and Siglece−/− mice after undergoing subcutaneous T-ALL 
transplantation. HR, hazard ratio from the Mantel-Cox test. (H) Volcano plots displaying glycogenes in MYC-driven mouse models of Burkitt lymphoma (Eμ-Myc) 
and T-ALL (EμSRα-tTA/tet-O-MYC). (I) Overlap analysis of differentially expressed glycogenes (at least twofold change with FDR < 0.05) from (H) (glycogenes up 
and down: OR = 4.91, P = 9.04 × 10−7) in mouse models of Burkitt lymphoma (Eμ-Myc) and T-ALL (EμSRα-tTA/tet-O-MYC). (J) Heat map representation of glycogenes 
that are differentially expressed in splenocytes isolated from EμSRα-tTA/tet-O-MYC (MYC on/off) and normal (FVB/N) mice. Expression in normal tissue, in MYC 
on tumor tissue, and upon MYC inactivation-induced tumor regression (MYC off) is shown (n = 3 per treatment group).
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and the EμSRα-tTA/tet-O-MYC model of T-ALL (70) highlighted 
changes to the expression of several glycogenes upon MYC-driven 
leukemia and lymphoma development (Fig. 3H). Importantly, 
upregulation of St6galnac4 is a core component of this glycogene 
signature and was preserved in both types of MYC-driven leu-
kemia and lymphoma (Fig. 3I). The glycogene signature MYC 
induces upon tumorigenesis is reversible. MYC-directed changes 
to most glycogenes, including St6galnac4, return to normal levels 
within 4 d of T-ALL regression induced upon MYC inactivation 
(Fig. 3J). We conclude that MYC regulates the expression of gly-
cosylation machinery in general, and St6galnac4 in particular, 
during in situ tumorigenesis.

MYC and ST6GALNAC4 Predict Poor Prognosis in Human 
Leukemia and Lymphoma. Direct genetic as well as epistatic 
activation of MYC through NOTCH1 and other mechanisms 
drives human T-ALL (22–24, 71). We studied whether MYC 
also controls glycosylation in human T-ALL. By compiling three 
existing datasets of over 50 patient samples (72–74), we confirmed 
elevated MYC and accompanying ST6GALNAC4 expression in 
human T-ALL (Fig. 4A  and SI Appendix, Table S6). We asked 
whether ST6GALNAC4 synthesizes sialoglycan ligands for 
human Siglec-7. Knocking out ST6GALNAC4 resulted in a sharp 
reduction in the display of Siglec-7 ligands on the surface of PEER 
cells, a model human T-ALL cell line (Fig. 4B and SI Appendix, 
Fig. S18A). We used four different MYC inhibitors, 10058-F4, 
an inhibitor of MYC/MAX dimerization (75), EN4, a covalent 
MYC ligand (76), THZ1, a CDK7/9 inhibitor with secondary 
effects on MYC (77), and lon, a MYC-degrading protease (78) 
to ask whether MYC regulates the display of Siglec-7 ligands 
(SI Appendix, Fig. S18 B and C). The pharmacological inactivation 
of MYC decreased ST6GALNAC4 protein expression (Fig. 4C) 
with an accompanying reduction in Siglec-7-Fc binding (Fig. 4D).

We assessed whether tumor ST6GALNAC4 inhibits phagocy-
tosis by human macrophages similarly to what we observed for 
murine BMDMs. We differentiated monocyte-derived mac-
rophages from human peripheral blood samples and fed them 
murine MYC-driven T-ALL and human PEER cells. In both cases, 
ST6GALNAC4−/− cells were phagocytosed more readily than WT 
targets (Fig. 4E). We conclude that disialyl-T inhibits phagocytosis 
by human macrophages.

Next, we asked whether T-ALL liquid biopsies display Siglec-7 
ligands susceptible to MYC regulation. We collected samples from 
patients presenting to the Stanford Hematology Clinic with new 
onset T-ALL who were naive to therapy. FACS-sorted T-ALL 
tumor cells were treated with the MYC inhibitor 10058-F4. We 
detected Siglec-7-Fc binding activity on T-ALL cells from two of 
three patients. In both cases, MYC inhibition reduced Siglec-7 
ligand display (Fig. 4 F and G). Therefore, MYC promotes display 
of sialoglycans on primary human T-ALL cells that interact with 
Siglec-7, consistent with our observations in murine cell lines.

To examine whether MYC regulates ST6GALNAC4 and 
Siglec-7 ligand production more generally in human hematopoi-
etic tumors, gene expression data were examined for all hemato-
poietic tumors contained in the Cancer Cell Line Encyclopedia 
(CCLE). We found a positive correlation between MYC and 
ST6GALNAC4 expression (Fig. 4H). Through PRECOG (79), 
we found that high ST6GALNAC4 expression, among all sialyl-
transferases, is the strongest predictor of adverse patient outcomes 
in diffuse large B-cell lymphoma (DLBCL), chronic lymphocytic 
lymphoma (CLL), and Burkitt lymphoma (BL), which notably 
all have high MYC activity (Fig. 4I) (80). There were no T-ALL 
data in the PRECOG dataset. Therefore, the survival covariance 
of all sialyltransferases and MYC expression was compared across 

all tumor types in PRECOG. Indeed, MYC and ST6GALNAC4 
had a high covariance. Thus, patients with high MYC expression 
are also likely to have high ST6GALNAC4 expression (SI Appendix, 
Fig. S19).

The causal relationship of MYC and ST6GALNAC4 activity 
with Siglec ligand production suggests that their gene expression 
could serve as a signature of immune inhibitory glycosylation. To 
test this, we studied DLBCL, an aggressive non-Hodgkin lym-
phoma characterized by high MYC activity (81). Inhibition of 
MYC with 10058-F4 caused a 70% reduction in Siglec-7 ligand 
abundance on KARPAS-422 cells, a model for DLBCL (Fig. 4J). 
In a cohort of DLBCL patients, individuals with combined high 
MYC and high ST6GALNAC4 expression had strongly decreased 
overall survival (log-rank P = 0.0031) and increased risk of death 
(HR = 3.1, 95% CI 1.4 to 6.8) (Fig. 4K). There was no difference 
in survival among patients lacking this gene signature (log-rank 
P = 0.58; HR = 1.3, 95% CI 0.50 to 3.6) (SI Appendix, Fig. S20). 
Indeed, patients with either high MYC or high ST6GALNAC4 
expression tended to be the same individuals, underscoring the 
linked effects of these two genes on patient survival (Fig. 4L).

Finally, we tested the clinical consequences of combined over-
expression of MYC and ST6GALNAC4 in human patients by 
performing a pan-cancer survival analysis of The Cancer Genome 
Atlas (TCGA) data. Across all cancers, high expression of MYC 
and ST6GALNAC4 together is associated with decreased survival 
(log-rank P < 1 × 10−10; HR = 2.1) (Fig. 4M). Thorsson et al. 
reported immune profiling data on tumors from patients in the 
TCGA dataset (82). We analyzed these data to determine whether 
the MYC high/ST6GALNAC4 high gene signature relates to 
immune status. Tumors with high MYC and high ST6GALNAC4 
had significantly fewer monocytes than tumors lacking this sig-
nature (4.7% vs. 2.6%) (Fig. 4N). Therefore, the combined over-
expression of MYC and ST6GALNAC4 forms a signature of 
malignant glycosylation associated with a defined immune phe-
notype. Importantly, pharmacological inhibition of 
ST6GALNAC4 to block Siglec ligand biosynthesis may be an 
effective immune therapy strategy for cancers with elevated MYC 
activity (Fig. 4O).

Discussion

Changes in cell surface glycosylation have been long known as a 
hallmark of cancer (83), but the functional significance and mech-
anistic drivers of tumor glycosignatures are poorly understood. 
We identify a mechanism that drives the production of 
immune-suppressive tumor sialoglycans. The MYC oncogene is 
one of the most frequently activated cancer-driving genes. 
Experimentally, suppression of MYC can dramatically reverse 
tumorigenesis, a phenomenon described as “oncogene addiction.” 
MYC contributes to tumorigenesis through diverse mechanisms 
by affecting tumor cell-intrinsic processes and modulating host 
immune responses. Importantly, the MYC oncogene uniquely 
coordinates key processes by which cancer cells evade the immune 
system (84). We found that MYC specifically boosts disialyl-T 
expression and that tumor disialyl-T engages Siglec-E in mice and 
Siglec-7 in humans, to inhibit macrophages and promote immune 
evasion in vivo. Thus, our findings highlight MYC-induced 
immune inhibitory glycosylation as a facet of MYC-mediated 
immune evasion that contributes to tumorigenesis. These results 
suggest the potential of the Siglecs and their ligands as targets for 
immunotherapy of MYC-driven tumors. Further, we reveal 
disialyl-T as an anti-phagocytic “don’t eat me” signal.

The MYC oncogene is activated in a majority of human tumors 
and is a master regulator of cell-intrinsic and -extrinsic mechanisms 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
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Fig. 4. MYC promotes Siglec-7 ligand display on human cancer. (A) Summarized gene expression of MYC and ST6GALNAC4 in human T-ALL and peripheral blood 
mononuclear cells (PBMCs). Data from GSE62156, GSE27562, and GSE49515 were collated, and absolute expression was determined with Gene Expression Commons 
[n(tumor) = 65, n(control) = 45, two-tailed Mann–Whitney U test]. Boxplot shows data quartiles. (B) Siglec-7 ligands on PEER cells following knockout of ST6GALNAC4 
[n(control) = 7, n(KO) = 4, two-tailed Mann–Whitney U test]. Data presented as mean ± SD. (C) Representative Western blot for ST6GALNAC4 in PEER cells following 
MYC inhibition with 100 μM 10058-F4 for 48 h. Quantification of ST6GALNAC4 band intensity normalized to α-tubulin and WT control (n = 3 per group, two-tailed 
Student’s t test). Data presented as mean ± SD. (D) Siglec-7 ligands on PEER cells following pharmacologic MYC inhibition for 48 h by incubation with 100 μM 10058-F4 
(n = 3 per group, two-tailed Student’s t test). Data presented as mean ± SD. (E) Phagocytosis of WT and St6galnac4−/− murine MYC-driven T-ALL and human PEER cells 
by human monocyte derived macrophages (n = 6 per group, two-tailed Student’s t test). Data are normalized to WT control and presented as mean ± SD. (F) Workflow 
to collect primary T-ALL from patients, treat with a MYC inhibitor (10058-F4), and quantify Siglec-7 ligands. (G) Siglec-7 ligands on patient T-ALL liquid biopsies treated 
with the indicated concentration of 10058-F4 for 48 h. Data represent three donors. (H) Correlation of ST6GALNAC4 and MYC mRNA (RNA-seq) gene expression across 
all hematopoietic tumor samples (n = 106) in the CCLE with MYC expression > 3. Correlation determined by least-squares regression. (I) Survival Z-score heatmap for 
each sialyltransferase across each hematopoietic tumor within the PRECOG database. Larger positive Z-Scores (red) indicate that patients with higher expression of 
the indicated gene exhibit reduced survival. AML, acute myeloid leukemia; MM, multiple myeloma; FL, follicular lymphoma; MCL, mantle cell lymphoma; B-ALL, B cell 
acute lymphoblastic leukemia; DLBCL, diffuse large B cell lymphoma; CLL, chronic lymphocytic leukemia. (J) Siglec-7 ligand display by KARPAS-422 DLBCL cells following 
treatment with 100 μM 10058-F4 for 48 h (n = 3 per group, two-tailed Student’s t test). Data presented as mean ± SD. (K) Survival stratified by median MYC and ST6GALNAC4 
expression in a cohort of DLBCL patients (GSE4475). HR, hazard ratio from Cox Proportional Hazards model. (L) Venn diagram of patients in the same DLBCL cohort, 
showing individuals that fall into MYC high and ST6GALNAC4 high (greater than median expression) groups (χ2-test for independence). (M) Pan-cancer overall survival 
analysis of TCGA data stratifying patients by median MYC and ST6GALNAC4 expression (n = 2,376 per group). HR, hazard ratio from Cox Proportional Hazards model. 
(N) Pan-cancer immune phenotype of TCGA tumors stratified by k-means clustering based on MYC and ST6GALNAC4 expression. Monocyte prevalence was calculated as 
a fraction of all leukocytes. Data presented as mean ± SEM. (O) Model for MYC-driven display of disialyl-T and regulation of the immune response via Siglec engagement.
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of tumorigenesis. MYC activation contributes to cancer by increas-
ing transcriptional activity (32, 33) through interactions with bind-
ing partners such as MAX (27–29), MAD (30), MNT (31), and 
MIZ1 (85), to generally as well as selectively modulate the expres-
sion of target genes (34, 35). Via both proximal mechanisms, MYC 
drives many characteristics of the cancer cell, including elevated 
biomass accumulation (86), lipogenesis (87, 88), cell proliferation 
(89), and genomic instability (90), as well as effects on the host 
microenvironment that can influence metastasis (91), tumor and 
stromal interactions (85, 92), and immune surveillance and evasion 
(38). Hence, MYC’s orchestration of the display of immune-mod-
ulatory glycans adds another feature to MYC-induced suppression 
of the anticancer immune response.

Glycan display is a complex process requiring the coordination 
of metabolic feedstock production with glycosylation machinery. 
MYC uniquely harmonizes diverse and complex cellular processes, 
and coordinating immune suppressive glycosylation is likely a key 
contributor to how MYC drives immune evasion. There are mul-
tifactorial potential interactions between T-ALL and stroma that 
shape the myeloid anti-tumor immune response, including 
between CD47/SIRPα, PD-L1/PD-1, CD40/CD40L, and 
CD28/CD80/86. We and others have recently highlighted the 
role of MYC in modulating the tumor immune microenviron-
ment: MYC regulates the expression of immune checkpoint pro-
teins (38, 40), blocks NK cell-mediated immune surveillance (70, 
93), and promotes a chemokine/cytokine profile that favors an 
immune suppressive tumor microenvironment (94). Our findings 
reveal glycosylation as a new medium through which MYC manip-
ulates the tumor microenvironment. Further, our results suggest 
that MYC inactivation may restore the immune response by 
reversing the contribution of glycosylation to oncogene 
addiction.

Oncogenes other than MYC have been shown to influence 
glycosylation, most notably KRAS, EGFR, HER2, BRAF, MEK, 
and AKT (95). Nevertheless, we note that MYC is frequently 
activated in cancers driven by other oncogenes (96). For example, 
RAS cooperates with MYC to promote oncogenesis (97), and RAS 
activation creates a pool of stabilized, active MYC (98). Our results 
demonstrate that MYC plays a central role in controlling cellular 
glycosylation and further outline a specific mechanism by which 
MYC drives disialyl-T production in hematopoietic tumors such 
as T-ALL. Differences in glycosylation among various tumors 
relate to variation in their genetic landscape. In our analysis of 
patient T-ALL samples, for instance, we identified heterogeneity 
in Siglec-7 ligand expression potentially related to individual var-
iation in MYC and ST6GALNAC4 expression. Glycogenes are 
also regulated on several levels in addition to transcription, such 
as by epigenetic factors including DNA methylation and microR-
NAs. As a result, cells originating from different tissues express a 
different suite of glycogenes, and consequently a different set of 
glycans (SI Appendix, Fig. S21A). Notably, ST6GALNAC4 is 
expressed during lymphocyte development, providing a possible 
explanation for the strong correlation of ST6GALNAC4 and MYC 
in T-ALL, DLBCL, and other hematopoietic tumors (SI Appendix, 
Fig. S21 B and C).

Prior in vitro studies of fibroblasts and colon adenocarcinoma 
lines found that MYC promotes N-glycan branching (36) and dis-
play of the glycan sialyl-Lewisx (37), respectively. The results from 
these studies were mirrored in the greater diversity, but low abun-
dance, of complex N-glycans in our MYC high T-ALL, as well as 
increased expression of Fut4, a fucosyltransferase involved in Lewisx 
synthesis (55). Although we did not detect many sialyl-Lewis related 
structures by glycomics, which may be due to differences in cell 
lineage or differentiation, these data suggest that MYC-directed 

glycosylation may have important implications for tumor cell adhe-
sion beyond immune evasion. In fact, N-acetylgalactosamine-α2,6-
sialyltransferases including ST6GALNAC5 (99) and ST6GALNAC4 
(100) were previously implicated in metastasis. In the latter case, 
ST6GALNAC4 was found to “cap” short O-glycans, preventing 
their elongation by other glycosyltransferases, and in doing so, pre-
serve galectin-3 binding to promote lung cancer metastasis (100). 
We find that the disialyl-T synthesized by ST6GALNAC4 is itself 
bioactive and a major contributor to malignancy through its inter-
actions with immune cell Siglecs. We determined that disialyl-T 
conjugated to the glycoprotein CD43 in particular functions as a 
ligand for Siglec-7, consistent with recent reports (64, 101, 102). 
In cancers originating from other tissues, for instance melanoma 
and neuroblastoma, different glycans, such as those in the glycolip-
ids GD2 (103) and GD3 (104), interact with Siglec-7 (105). Future 
studies will determine whether MYC might regulate other glyco-
sylation machinery in different tissues of origin to more generally 
control the display of sialoglycans that engage Siglecs.

Immune cell Siglec receptors and their sialoglycan ligands are 
emerging as targets for immunotherapy (1, 106, 107). An anti-
body against Siglec-15 is in clinical trials for the treatment of 
metastatic solid tumors (NCT03665285) (108), anti-Siglec-9 
antibodies are in preclinical development (109), and Siglec-10 has 
been highlighted as a target for macrophage-directed immuno-
therapy (5). We previously targeted tumor-associated Siglec lig-
ands by their specific degradation using antibody-sialidase 
conjugates (10, 11), thereby circumventing the challenge of defin-
itively characterizing Siglec ligand synthesis. This work identifies 
MYC-driven ST6GALNAC4 as a key node in the synthesis of 
immune-suppressive glycans. MYC upregulation augments 
ST6GALNAC4 expression leading to Siglec-directed immune 
suppression. Our results suggest that therapeutically targeting 
MYC could be a general approach to block this immune suppres-
sion. Further, inhibition of ST6GALNAC4 activity could func-
tion as a potent immune therapy, and its product disialyl-T could 
be a candidate for checkpoint blockade with an antibody or deg-
radation with an antibody-sialidase conjugate. Finally, MYC-
driven cancers may be particularly responsive to such therapies.

Materials and Methods

Please see SI Appendix, SI Materials and Methods for a more detailed discussion.

Cell Lines and Cell Culture. Murine T cell acute lymphoblastic leukemia (T-ALL) 
cells were derived from tumors originating in EμSRα-tTA/tet-O-MYC/FVB/N mice 
(41). Clonal cell populations were created by single-cell sorting for the subsequent 
generation of knockout and overexpression cell lines. T-ALL cells for transplant 
experiments into Siglece−/−  mice were derived from EμSRα-tTA/tet-O-MYC/
C57BL/6J mice (this study). Murine T-ALL was cultured in Roswell Park Memorial 
Institute (RPMI) 1640 (Gibco) with L-glutamine (Thermo Fisher), 10% tetracycline 
approved fetal bovine serum (FBS) (Takara), 100 IU/mL penicillin, 100 µg/mL 
streptomycin, and 50 µM 2-mercaptoethanol. MYC expression was reduced to 
intermediate levels by the addition of 20 pg/mL doxycycline to the media (MYC 
Intermed), turned off by the addition of 500 pg/mL doxycycline (MYC off), or 
maintained by PBS mock treatment (MYC on) for 48 h unless stated otherwise. 
Human cell lines were obtained from the American Type Culture Collection or 
the DSMZ-German Collection of Microorganisms and Cell Cultures GmbH and 
cultured according to the Collections’ guidelines. Cells were regularly monitored 
for Mycoplasma infection using PCR-based methods. Cells were cultured in a 
humidified 5% CO2 atmosphere at 37 °C.

Mouse Models, In Vivo imaging, and Cell Isolation. MYC-addicted cell lines 
were derived from EμSRα-tTA/tet-O-MYC/FVB/N (T-ALL) mice and labeled with fire-
fly luciferase as described in the SI Appendix. The minimal number of mice in each 
group was calculated using the “pwr.t.test” function in the R/pwr package. Then,  
2 × 106 luciferase-labeled T-ALL cells were injected intravenously or subcutaneously 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
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into 6 to 10-wk-old male FVB/N, Rag1−/−/FVBN, or NOD/SCID/IL2Rγ–/–  (NSG) 
mice. Engraftment and tumor progression were assessed by caliper measure-
ment or visualized and quantified by bioluminescence imaging (BLI) using an 
in vivo bioluminescence/optical imaging system (Ami HT, Spectral Instruments 
Imaging). The luminescence signal was assessed 10 min after intraperitoneal 
injection of a dose of 3 mg D-Luciferin (Promega) dissolved in PBS per mouse. 
Imaging was performed under general anesthesia with 2% isoflurane. Image 
analysis was performed using AmiView software (V1.7.06, Spectral Instruments 
Imaging), and GraphPad Prism (Version 8.4.1) was used for data visualization 
and statistical analysis. Spleen tissue was homogenized by passing through a 
100-µm mesh and using a 191/2G needle. Erythrocytes were depleted using 
RBC lysis buffer (BD PharmLyse, BD Biosciences), and washed cells were directly 
utilized for flow cytometry or cryopreserved (SI Appendix, Figs. S22 and S23). No 
blinding was done while executing the animal experiments. Mouse experiments 
were approved by the Administrative Panel on Laboratory Animal Care (APLAC) 
at Stanford University and were carried out in accordance with institutional and 
national guidelines.

Flow Cytometry. Glycans and Siglec ligands were quantified via flow cytom-
etry. Cells were washed with FACS buffer [0.5% bovine serum albumin (BSA) 
in phosphate-buffered saline (PBS)]. Where indicated, the cells were treated 
with 100 nM Vibrio cholerae sialidase for 30 min at 37 °C. Then, 4 μg/mL 
Siglec-Fc (R&D), or 10 μg/mL biotinylated Sambucus nigra agglutinin (SNA), 
Maackia amurensis agglutinin I (MAA I), or Maackia amurensis agglutinin II 
(MAA II) (Vector Laboratories) was precomplexed with either 8 μg/mL AffiniPure 
Donkey anti-human IgG Alexa Fluor 647 (Jackson ImmunoResearch), AffiniPure 
Goat anti-mouse IgG Alexa Fluor 647 (Jackson ImmunoResearch), or 2.5 μg/mL  
streptavidin Alexa Fluor 647 conjugate (Thermo Fisher Scientific) in FACS buffer 
for 30 min on ice. Cells were resuspended in the precomplexed lectin-fluoro-
phore conjugate solution at 4 × 106 cells/mL and incubated for 30 min on ice. 
The cells were then washed twice with FACS buffer. Dead cells were labeled 
using SytoxBlue (Thermo Fisher Scientific) prior to performing flow cytometry 
on an LSR II (BD Biosciences). For flow cytometry of murine T-ALL, Purified rat 
anti-mouse CD16/CD32 (Mouse BD Fc Block, clone 2.4G2) was used for Fc 
receptor blocking. Cells were then stained with Alexa Fluor 488 rat anti-CD11b 
(clone M1/70), PE rat anti-mouse CD4 (clone GK1.5), APC rat anti-mouse CD8a 
(clone 53-6.7) (all from BD Biosciences), and propidium iodide (Invitrogen), and 
analyzed using BD Accuri C6 Plus (BD Biosciences). For flow cytometric immune 
phenotyping of splenocytes and peripheral blood mononuclear cells, Fc recep-
tors were blocked using Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc 
Block, clone 2.4G2). Zombie Violet (Biolegend, 1/2,000) was used for live–dead 
cell discrimination. Cells were stained with the following specific antibodies: 
PerCP/Cy5.5 Rat anti-mouse CD8 (Tonbo Biosciences, 1/200), PerCP Rat anti-
mouse I-A/I-E (Biolegend, 1/100), FITC Rat anti-mouse CD45 (BD, 1/100), BV786 
Rat anti-mouse CD11b (BD, 1/300), BV711 Rat anti-mouse F4/80 (Biolegend, 
1/100), BV650 Rat anti-mouse CD14 (BD, 1/50), BV605 Hamster anti-mouse 
CD11c (Biolegend, 1/50), BV510 Rat anti-mouse Ly6C (Biolegend, 1/200), 
BUV805 Rat anti-mouse CD86 (BD, 1/50), BUV661 Hamster anti-mouse CD3 
(BD, 1/100), BUV615 Mouse anti-mouse NK1.1 (BD, 1/100), BUV563 Hamster 
anti-mouse CD69 (BD, 1/100), BUV496 Rat anti-mouse CD4 (BD, 1/100), 
APC-Cy7 Rat anti-mouse Ly6G (Tonbo Biosciences, 1/100), Alexa700 Rat anti-
mouse CD19 (BD, 1/100), APC Rat anti-mouse CD206 (Biolegend, 1/50), and 
PE-Cy7 Rat anti-mouse Siglec E (Biolegend, 1/100). Prior to intracellular stain-
ing with PE-Daz594 Rat anti-mouse IL-10 (Biolegend, 1/50) cells were fixed 
and permeabilized using Cyto-Fast™ Fix/Perm Buffer Set. Flow cytometry was 
performed on a FACSymphony (BD Biosciences).

Glycomics. Cells were suspended in a buffer containing 8M urea and 50 mM 
dithiothreitol. The cell suspension was dialyzed against water using 3 kDa 
molecular weight cutoff dialysis tubing and stored at −80 °C until further use. 
For N-glycan release, the cells were treated with PNGase F at 37 °C for 16 h. 
Released N-glycans were then purified with a C18 column, lyophilized, and stored 
at −20 °C until further use. For O-glycan release by reductive β elimination, 
the cell suspension was treated with NaBH4 in the presence of NaOH. Released 
O-glycans were desalted using Dowex 50+ resin and lyophilized. Lyophilized 
glycans were permethylated, extracted with dichloromethane, and analyzed by 
MALDI-TOF-MS. Additional profiling and fragmentation analysis was conducted 
using nanospray ionization–mass spectrometry (NSI-FTMS/MS). Permethylated 

glycans were reconstituted in 50% methanol containing 1 mM NaOH and directly 
infused into a Fusion Tribrid Orbitrap mass spectrometer (Thermo Fisher). Full 
mass spectra in addition to an automated “TopN” MS/MS program of the top 300 
peaks were collected and fragmented with collision-induced fragmentation (CID). 
Glycan abundance was calculated using MALDI-TOF-MS spectra as the intensity 
of m/z peaks corresponding to a particular glycan relative to all other glycans in 
the spectrum.

Phagocytosis Assay. Bone marrow was collected from 6- to 30-wk-old FVB/N 
mice or from 8- to 10-wk-old C57/BL6 or Siglecetm1.2Avrk/J−/− mice (Jackson 
Laboratories, Stock No: 032008). Femurs and tibia were isolated, cleaned of 
debris, and sterilized by rinsing with ethanol. After removing bone epiphyses, 
26-gauge needles were used to flush the bones with PBS and isolate marrow. 
A uniform cell suspension was then made by passing the marrow through a 
19-gauge needle. The cells were then pelleted by centrifugation at 300 g for 5 
min, resuspended in media comprising 90% FBS and 10% DMSO, and frozen 
at −80 °C until use. Bone marrow was differentiated into macrophages by 
plating in complete media (RPMI with 10% FBS and 1% penicillin/strepto-
mycin) with 25 ng/mL M-CSF (Shenandoah Biotechnology). Complete media 
and M-CSF were replaced on days 3, 5, and 7. Macrophage differentiation was 
confirmed by high staining for CD11b and F4/80 and intermediate staining 
for CD11c. The day prior to performing the phagocytosis assay, macrophages 
were exposed to trypsin for 5 min and lifted with a cell scraper. Then, 15,000 
macrophages were plated per well in a 96-well plate and left to settle over-
night. Human macrophages were prepared as described in the supplementary 
methods. The day of the assay, target cells were labeled by incubation with 
0.5 μg/mL pHrodo red (Essen Bioscience) for 1 h. Where indicated, 10 μg/mL  
of anti-CD90.1 antibody clone 19E12 (BioXCell), mouse IgG2a isotype con-
trol (BioXCell), anti-Siglec-E clone 8D2 (Antibodies-Online), rat IgG2b isotype 
control (Antibodies-Online), or 1 μM Siglec-E ligand was added to the cul-
tures. Then, 60,000 target cells were added to each well of a 96-well plate 
to give a 4:1 target-to-effector cell ratio. Cells were allowed to settle for 10 
min at room temperature prior to live cell imaging on an Incucyte S3 (Essen 
Bioscience). Phagocytosis was quantified as the area under the curve (AUC) 
of the integrated red intensity in each well, with a threshold set to exclude 
extracellular fluorescence. The phagocytosis index was computed as the (AUC 
of the sample)/(AUC of control group).

MYC Inhibition in Patient Samples. Sample collection and study protocols 
were approved by the Stanford Institutional Review Board (IRB). Samples from 
treatment naive patients were collected with informed consent and banked by 
the Stanford Division of Hematology. T-ALL cells were purified from peripheral 
blood or marrow samples by consulting the patient’s clinical flow phenotype 
and performing FACS using the following antibodies: anti-CD34:PE clone 582 
(BD), anti-CD3:PE-Cy7 clone UCHT1 (BD), anti-CD7:APC clone M-T70 (BD), 
anti-CD10:APC-Cy7 clone HI10a (Biolegend), anti-CD14:PE-Cy5 clone 61D3 
(Invitrogen), anti-CD123:PE-Cy5 clone 6H6 (Biolegend), anti-CD19:PE-Cy5 
clone HIB19 (BD), and anti-CD11b:PE-Cy5 clone ICRF44 (BD) (SI  Appendix, 
Fig. S24). Purified tumor cells were cultured for 48 h over a monolayer of GFP+ 
hTERT-immortalized mesenchymal stem cells in the presence of the MYC inhib-
itor 10058-F4 (Sigma). For analysis of Siglec ligands, the cells were resorted 
and stained with Siglec-Fc probes as described above using a polyclonal goat 
anti-human IgG:Brilliant Violet 421 (Jackson ImmunoResearch) secondary 
antibody.

Data, Materials, and Software Availability. Raw sequencing datasets are 
available in the Gene Expression Omnibus at GSE222939 (110). Processed RNA-
seq data are available (SI Appendix, Tables S1 and S4). Links to download other 
gene expression datasets analyzed in this study are included in the relevant 
section of the supplemental methods. All study data are available in the article 
or SI Appendix.

ACKNOWLEDGMENTS. This work was supported by the National Cancer Institute 
(R01-CA227942 to C.R.B.; R35-CA253180, R01-CA208735 PQ7, U01-CA188383, 
R01-CA184384, and R01-CA170378 PQ22 to D.W.F.; F30-CA232541 to B.A.H.S.; 
NCI-CA222676 to R.D.; K00-CA212454 to N.M.R.; and F32-CA250324 to J.C.S.), 
the Emerson Collective Cancer Research Fund (D.W.F.), the Stanford School of 
Medicine Medical Scientist Training Program (T32-GM007365 to B.A.H.S., J.V.P., 
and C.G.D.), the Lymphoma Research Foundation Postdoctoral Fellowship (A.D.), 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222939
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215376120#supplementary-materials


PNAS  2023  Vol. 120  No. 11  e2215376120 https://doi.org/10.1073/pnas.2215376120   11 of 12

the ChEM-H Stanford Interdisciplinary Graduate Fellowship (C.S.D.), the National 
Institute on Aging (F30-AG060638 to J.V.P.), the Banting Postdoctoral Fellowship 
from the Canadian Institutes of Health Research (S.W.), the Canadian Institutes 
of Health Research (PJ4-179805 to S.W.), the Natural Sciences and Engineering 
Research Council of Canada (RGPIN-2022-04448 to S.W.) a Special Fellow Award 
from the Leukemia and Lymphoma Society (3366-17), a Scholar Award from 
the American Society of Hematology (S.S.), and the American Cancer Society 
(PF-20-143-01-LIB to J.C.S.). Data were collected in part on an instrument in the 
Stanford Shared FACS Facility obtained using NIH S10 Share Instrument Grant 
S10RR027431-01. In vivo imaging was supported by the Stanford Center for 
Innovations in In vivo Imaging (SCi3)—small animal imaging center. Glycomics 
analyses were supported in part by a grant for Biomedical Glycomics (NIH grant 
P41GM10349010) to Parastoo Azadi at the Complex Carbohydrate Research 
Center.

Author affiliations: aSarafan ChEM-H, Stanford University, Stanford, CA 94305; 
bDepartment of Chemical and Systems Biology, Stanford University, Stanford, CA 
94305; cDivision of Oncology, Department of Medicine, Stanford University School of 
Medicine, Stanford, CA 94305; dDepartment of Chemistry, Stanford University, Stanford, 
CA 94305; eDivision of Gastroenterology and Hepatology, Department of Medicine, 
Stanford University School of Medicine, Stanford, CA 94305; fDivision of Hematology, 
Department of Medicine, Stanford University, Stanford, CA 94305; gInstitute for Stem Cell 
Biology and Regenerative Medicine, Stanford University, Stanford, CA 94305; hFaculty of 
Pharmaceutical Sciences, University of British Columbia, British Columbia, BC V6T 1Z3, 
Canada; iDepartment of Neurology, University of California, San Francisco, CA 94143; 
jDepartment of Systems Biology, Beckman Research Institute of City of Hope, Monrovia, 
CA 91016; kDepartment of Pediatrics, Beckman Research Institute of City of Hope, 
Duarte, CA 91010; lDepartment of Pathology, University of Iowa, Iowa City, IA 52242; 
mDepartment of Pathology, Stanford University School of Medicine, Stanford, CA 94305;  
and nHoward Hughes Medical Institute, Stanford University, Stanford, CA 94305

Author contributions: B.A.H.S., A.D., D.W.F., and C.R.B. designed research; B.A.H.S., A.D., 
K.M.C., C.S.D., R.D., C.G.D., D.K.S., S.W., J.C.S., J.V.P., S.S., and N.M.R. performed research; 
C.S.D., D.K.S., and R.M. contributed new reagents/analytic tools; B.A.H.S., A.D., K.M.C., 
C.S.D., R.D., C.G.D., D.K.S., S.W., J.C.S., J.V.P., S.S., N.M.R., A.R., R.M., D.W.F., and C.R.B. 
analyzed data; and B.A.H.S., A.D., D.W.F., and C.R.B. wrote the paper.

1. A. Bärenwaldt, H. Läubli, The sialoglycan-Siglec glyco-immune checkpoint - a target for improving 
innate and adaptive anti-cancer immunity. Expert Opin. Ther. Targets 23, 839–853 (2019).

2. M. S. Macauley, P. R. Crocker, J. C. Paulson, Siglec-mediated regulation of immune cell function in 
disease. Nat. Rev. Immunol. 14, 653–666 (2014).

3. S. Duan, J. C. Paulson, Siglecs as immune cell checkpoints in disease. Annu. Rev. Immunol. 38, 
365–395 (2020), 10.1146/annurev-immunol-102419-035900.

4. B. A. H. Smith, C. R. Bertozzi, The clinical impact of glycobiology: Targeting selectins, Siglecs and 
mammalian glycans. Nat. Rev. Drug Discov. 20, 217–243 (2021), 10.1038/s41573-020-00093-1.

5. A. A. Barkal et al., CD24 signalling through macrophage Siglec-10 is a target for cancer 
immunotherapy. Nature 572, 392–396 (2019).

6. R. Beatson et al., The mucin MUC1 modulates the tumor immunological microenvironment through 
engagement of the lectin Siglec-9. Nat. Immunol. 17, 1273 (2016).

7. H. Läubli et al., Engagement of myelomonocytic Siglecs by tumor-associated ligands modulates the 
innate immune response to cancer. Proc. Natl. Acad. Sci. U.S.A. 111, 14211–14216 (2014).

8. J. E. Hudak, S. M. Canham, C. R. Bertozzi, Glycocalyx engineering reveals a Siglec-based mechanism 
for NK cell immunoevasion. Nat. Chem. Biol. 10, 69–75 (2014).

9. C. Jandus et al., Interactions between Siglec-7/9 receptors and ligands influence NK cell–dependent 
tumor immunosurveillance. J. Clin. Invest. 124, 1810–1820 (2014).

10. H. Xiao, E. C. Woods, P. Vukojicic, C. R. Bertozzi, Precision glycocalyx editing as a strategy for cancer 
immunotherapy. Proc. Natl. Acad. Sci. U.S.A. 113, 10304–10309 (2016).

11. M. A. Gray et al., Targeted glycan degradation potentiates the anticancer immune response in vivo. 
Nat. Chem. Biol. 16, 1376–1384 (2020).

12. M. A. Stanczak et al., Self-associated molecular patterns mediate cancer immune evasion by 
engaging Siglecs on T cells. J. Clin. Invest. 128, 4912–4923 (2018).

13. Q. Haas et al., Siglec-9 regulates an effector memory CD8+ T-cell subset that congregates in the 
melanoma tumor microenvironment. Cancer Immunol. Res. 7, 707–718 (2019).

14. I. Ibarlucea-Benitez, P. Weitzenfeld, P. Smith, J. V. Ravetch, Siglecs-7/9 function as inhibitory immune 
checkpoints in vivo and can be targeted to enhance therapeutic antitumor immunity. Proc. Natl. 
Acad. Sci. U.S.A. 118, e2107424118 (2021).

15. C. Büll, M. H. den Brok, G. J. Adema, Sweet escape: Sialic acids in tumor immune evasion. Biochim. 
Biophys. Acta 1846, 238–246 (2014).

16. S. Akiyoshi, M. Iwata, F. Berenger, Y. Yamanishi, Omics-based identification of glycan structures as 
biomarkers for a variety of diseases. Mol. Inform. 39, e1900112 (2020).

17. L. Möckl et al., Quantitative super-resolution microscopy of the mammalian glycocalyx. Dev. Cell 50, 
57–72.e6 (2019).

18. M. Vita, M. Henriksson, The Myc oncoprotein as a therapeutic target for human cancer. Semin. 
Cancer Biol. 16, 318–330 (2006).

19. C. V. Dang, MYC on the path to cancer. Cell 149, 22–35 (2012).
20. H. Chen, H. Liu, G. Qing, Targeting oncogenic Myc as a strategy for cancer treatment. Signal 

Transduct. Target. Ther. 3, 5 (2018).
21. M. Gabay, Y. Li, D. W. Felsher, MYC activation is a hallmark of cancer initiation and maintenance. Cold 

Spring Harb. Perspect. Med. 4, a014241 (2014).
22. A. P. Weng et al., c-Myc is an important direct target of Notch1 in T-cell acute lymphoblastic 

leukemia/lymphoma. Genes. Dev. 20, 2096–2109 (2006).
23. T. Palomero et al., NOTCH1 directly regulates c-MYC and activates a feed-forward-loop transcriptional 

network promoting leukemic cell growth. Proc. Natl. Acad. Sci. U.S.A. 103, 18261–18266 (2006).
24. V. M. Sharma et al., Notch1 contributes to mouse T-cell leukemia by directly inducing the expression 

of c-myc. Mol. Cell. Biol. 26, 8022–8031 (2006).
25. L. Soucek et al., Omomyc, a potential Myc dominant negative, enhances Myc-induced apoptosis. 

Cancer Res. 62, 3507–3510 (2002).
26. A. Baluapuri, E. Wolf, M. Eilers, Target gene-independent functions of MYC oncoproteins. Nat. Rev. 

Mol. Cell Biol. 21, 255–267 (2020), 10.1038/s41580-020-0215-2.
27. E. Blackwood, R. Eisenman, Max: A helix-loop-helix zipper protein that forms a sequence-specific 

DNA-binding complex with Myc. Science 251, 1211–1217 (1991).
28. E. M. Blackwood, B. Luscher, R. N. Eisenman, Myc and Max associate in vivo. Genes. Dev. 6, 71–80 

(1992).
29. B. Amati et al., Oncogenic activity of the c-Myc protein requires dimerization with Max. Cell 72, 

233–245 (1993).
30. D. E. Ayer, L. Kretzner, R. N. Eisenman, Mad: A heterodimeric partner for Max that antagonizes Myc 

transcriptional activity. Cell 72, 211–222 (1993).
31. P. J. Hurlin, C. Quéva, R. N. Eisenman, Mnt, a novel Max-interacting protein is coexpressed with Myc 

in proliferating cells and mediates repression at Myc binding sites. Genes. Dev. 11, 44–58 (1997).
32. C. Y. Lin et al., Transcriptional amplification in tumor cells with elevated c-Myc. Cell 151, 56–67 (2012).
33. Z. Nie et al., c-Myc is a universal amplifier of expressed genes in lymphocytes and embryonic stem 

cells. Cell 151, 68–79 (2012).

34. A. Sabò et al., Selective transcriptional regulation by Myc in cellular growth control and 
lymphomagenesis. Nature 511, 488–492 (2014).

35. S. Walz et al., Activation and repression by oncogenic MYC shape tumour-specific gene expression 
profiles. Nature 511, 483–487 (2014).

36. S. Hiraizumi, S. Takakasaki, K. Shiroki, A. Kobata, Altered protein glycosylation of rat 3Y1 cells 
induced by activated c-myc gene. Int. J. Cancer 48, 305–310 (1991).

37. K. Sakuma, M. Aoki, R. Kannagi, Transcription factors c-Myc and CDX2 mediate E-selectin ligand 
expression in colon cancer cells undergoing EGF/bFGF-induced epithelial-mesenchymal transition. 
Proc. Natl. Acad. Sci. U.S.A. 109, 7776–7781 (2012).

38. S. C. Casey et al., MYC regulates the antitumor immune response through CD47 and PD-L1. Science 
352, 227–231 (2016).

39. V. Atsaves et al., PD-L1 is commonly expressed and transcriptionally regulated by STAT3 and MYC in 
ALK-negative anaplastic large-cell lymphoma. Leukemia 31, 1633–1637 (2017).

40. Y. Xu et al., Translation control of the immune checkpoint in cancer and its therapeutic targeting. 
Nat. Med. 25, 301–311 (2019).

41. D. W. Felsher, J. M. Bishop, Reversible tumorigenesis by MYC in hematopoietic lineages. Mol. Cell 4, 
199–207 (1999).

42. Y. Zeng, T. N. C. Ramya, A. Dirksen, P. E. Dawson, J. C. Paulson, High-efficiency labeling of sialylated 
glycoproteins on living cells. Nat. Methods 6, 207–209 (2009).

43. C. Geisler, D. L. Jarvis, Effective glycoanalysis with Maackia amurensis lectins requires a clear 
understanding of their binding specificities. Glycobiology 21, 988–993 (2011).

44. N. Shibuya et al., The elderberry (Sambucus nigra L.) bark lectin recognizes the Neu5Ac(alpha 2–6)
Gal/GalNAc sequence. J. Biol. Chem. 262, 1596–1601 (1987).

45. I. Schlosser et al., A role for c-Myc in the regulation of ribosomal RNA processing. Nucleic Acids Res. 
31, 6148–6156 (2003).

46. S. S. Grewal, L. Li, A. Orian, R. N. Eisenman, B. A. Edgar, Myc-dependent regulation of ribosomal RNA 
synthesis during Drosophila development. Nat. Cell Biol. 7, 295–302 (2005).

47. A. Arabi et al., c-Myc associates with ribosomal DNA and activates RNA polymerase I transcription. 
Nat. Cell Biol. 7, 303–310 (2005).

48. C. Grandori et al., c-Myc binds to human ribosomal DNA and stimulates transcription of rRNA genes 
by RNA polymerase I. Nat. Cell Biol. 7, 311–318 (2005).

49. M. Barna et al., Suppression of Myc oncogenic activity by ribosomal protein haploinsufficiency. 
Nature 456, 971–975 (2008).

50. M.-S. Dai, H. Lu, Crosstalk between c-Myc and ribosome in ribosomal biogenesis and cancer. J. Cell. 
Biochem. 105, 670–677 (2008).

51. C. M. Koh et al., MYC regulates the core pre-mRNA splicing machinery as an essential step in 
lymphomagenesis. Nature 523, 96–100 (2015).

52. T.Y.-T. Hsu et al., The spliceosome is a therapeutic vulnerability in MYC-driven cancer. Nature 525, 
384–388 (2015).

53. K. Iwai et al., Anti-tumor efficacy of a novel CLK inhibitor via targeting RNA splicing and MYC-
dependent vulnerability. EMBO Mol. Med. 10, e8289 (2018).

54. H. Narimatsu, Construction of a human glycogene library and comprehensive functional analysis. 
Glycoconj. J. 21, 17–24 (2004).

55. N. Mondal et al., Distinct human α(1,3)-fucosyltransferases drive Lewis-X/sialyl Lewis-X assembly in 
human cells. J. Biol. Chem. 293, 7300–7314 (2018).

56. H.-H. Lu et al., Fucosyltransferase 4 shapes oncogenic glycoproteome to drive metastasis of lung 
adenocarcinoma. EBioMedicine 57, 102846 (2019).

57. T. V. Lee et al., Negative regulation of notch signaling by xylose. PLoS Genet. 9, e1003547 (2013).
58. A. Harduin-Lepers et al., The human sialyltransferase family. Biochimie 83, 727–737 (2001).
59. A. Harduin-Lepers et al., Cloning, expression and gene organization of a human Neu5Ac alpha 

2–3Gal beta 1–3GalNAc alpha 2,6-sialyltransferase: hST6GalNAcIV. Biochem. J 352, 37–48 (2000).
60. Y.-C. Lee et al., Molecular cloning and functional expression of two members of mouse 

NeuAcα2,3Galβ1,3GalNAc GalNAcα2,6-sialyltransferase family, ST6GalNAc III and IV. J. Biol. Chem. 
274, 11958–11967 (1999).

61. L.-Y. Chang et al., Molecular basis and role of siglec-7 lligand expression on chronic Lymphocytic 
Leukemia B Cells. Front. Immunol. 13, 840388 (2022).

62. J. Q. Zhang, B. Biedermann, L. Nitschke, P. R. Crocker, The murine inhibitory receptor mSiglec-E 
is expressed broadly on cells of the innate immune system whereas mSiglec-F is restricted to 
eosinophils. Eur. J. Immunol. 34, 1175–1184 (2004).

63. S. Siddiqui et al., Studies on the detection, expression, glycosylation, dimerization, and ligand 
binding properties of mouse siglec-E. J. Biol. Chem. 292, 1029–1037 (2017).

64. S. Wisnovsky et al., Genome-wide CRISPR screens reveal a specific ligand for the glycan-binding 
immune checkpoint receptor Siglec-7. Proc. Natl. Acad. Sci. U.S.A. 118, e2015024118 (2021).

65. S. Spence et al., Targeting Siglecs with a sialic acid-decorated nanoparticle abrogates inflammation. 
Sci. Transl. Med. 7, 303ra140 (2015).

https://doi.org/10.1146/annurev-immunol-102419-035900
https://doi.org/10.1038/s41573-020-00093-1
https://doi.org/10.1038/s41580-020-0215-2


12 of 12   https://doi.org/10.1073/pnas.2215376120 pnas.org

66. C. D. Rillahan, E. Schwartz, R. McBride, V. V. Fokin, J. C. Paulson, Click and pick: Identification of sialoside 
analogues for siglec-based cell targeting. Angew. Chem. Int. Ed Engl. 51, 11014–11018 (2012).

67. M. Nagala et al., Expression of Siglec-E alters the proteome of lipopolysaccharide (LPS)-activated 
macrophages but does not affect LPS-driven cytokine production or toll-like receptor 4 endocytosis. 
Front. Immunol. 8, 1926 (2017).

68. L. E. Van den Hove et al., Peripheral blood lymphocyte subset shifts in patients with untreated 
hematological tumors: Evidence for systemic activation of the T cell compartment. Leuk. Res. 22, 
175–184 (1998).

69. S. Uchiyama et al., Dual actions of group B Streptococcus capsular sialic acid provide resistance to 
platelet-mediated antimicrobial killing. Proc. Natl. Acad. Sci. U.S.A. 116, 7465–7470 (2019).

70. S. Swaminathan et al., MYC functions as a switch for natural killer cell-mediated immune 
surveillance of lymphoid malignancies. Nat. Commun. 11, 2860 (2020).

71. A. Kloetgen et al., Three-dimensional chromatin landscapes in T cell acute lymphoblastic leukemia. 
Nat. Genet. 52, 388–400 (2020).

72. H. G. LaBreche, J. R. Nevins, E. Huang, Integrating factor analysis and a transgenic mouse model to 
reveal a peripheral blood predictor of breast tumors. BMC Med. Genom. 4, 61 (2011).

73. S. Peirs et al., ABT-199 mediated inhibition of BCL-2 as a novel therapeutic strategy in T-cell acute 
lymphoblastic leukemia. Blood 124, 3738–3747 (2014).

74. M. Shi et al., A blood-based three-gene signature for the non-invasive detection of early human 
hepatocellular carcinoma. Eur. J. Cancer 50, 928–936 (2014).

75. X. Yin, C. Giap, J. S. Lazo, E. V. Prochownik, Low molecular weight inhibitors of Myc-Max interaction 
and function. Oncogene 22, 6151–6159 (2003).

76. L. Boike et al., Discovery of a functional covalent ligand targeting an intrinsically disordered cysteine 
within MYC. Cell Chem Biol. 28, 4–13.e17 (2020), 10.1016/j.chembiol.2020.09.001.

77. C. L. Christensen et al., Targeting transcriptional addictions in small cell lung cancer with a covalent 
CDK7 inhibitor. Cancer Cell 26, 909–922 (2014).

78. D. S. C. Butler et al., A bacterial protease depletes c-MYC and increases survival in mouse models of 
bladder and colon cancer. Nat. Biotechnol. 39, 754–764 (2021), 10.1038/s41587-020-00805-3.

79. A. J. Gentles et al., The prognostic landscape of genes and infiltrating immune cells across human 
cancers. Nat. Med. 21, 938–945 (2015).

80. L. Nguyen, P. Papenhausen, H. Shao, The role of c-MYC in B-cell lymphomas: Diagnostic and 
molecular aspects. Genes 8, 116 (2017).

81. K. J. Savage et al., MYC gene rearrangements are associated with a poor prognosis in diffuse large 
B-cell lymphoma patients treated with R-CHOP chemotherapy. Blood 114, 3533–3537 (2009).

82. V. Thorsson et al., The immune landscape of cancer. Immunity 48, 812–830.e14 (2018).
83. D. H. Dube, C. R. Bertozzi, Glycans in cancer and inflammation–potential for therapeutics and 

diagnostics. Nat. Rev. Drug Discov. 4, 477–488 (2005).
84. R. Dhanasekaran et al., The MYC oncogene - the grand orchestrator of cancer growth and immune 

evasion. Nat. Rev. Clin. Oncol. 19, 23–36 (2022).
85. J. van Riggelen et al., The interaction between Myc and Miz1 is required to antagonize TGFbeta-

dependent autocrine signaling during lymphoma formation and maintenance. Genes. Dev. 24, 
1281–1294 (2010).

86. H. Ji et al., Cell-type independent MYC target genes reveal a primordial signature involved in 
biomass accumulation. PLoS One 6, e26057 (2011).

87. A. M. Gouw et al., The MYC oncogene cooperates with sterol-regulated element-binding protein to 
regulate lipogenesis essential for neoplastic growth. Cell Metab. 30, 556–572.e5 (2019).

88. L. S. Eberlin et al., Alteration of the lipid profile in lymphomas induced by MYC overexpression. Proc. 
Natl. Acad. Sci. U.S.A. 111, 10450–10455 (2014).

89. D. Cappellen, T. Schlange, M. Bauer, F. Maurer, N. E. Hynes, Novel c-MYC target genes mediate 
differential effects on cell proliferation and migration. EMBO Rep. 8, 70–76 (2007).

90. D. W. Felsher, J. M. Bishop, Transient excess of MYC activity can elicit genomic instability and 
tumorigenesis. Proc. Natl. Acad. Sci. U.S.A. 96, 3940–3944 (1999).

91. L. Ma et al., miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. 
Nat. Cell Biol. 12, 247–256 (2010).

92. T. A. Baudino et al., c-Myc is essential for vasculogenesis and angiogenesis during development and 
tumor progression. Genes. Dev. 16, 2530–2543 (2002).

93. R. M. Kortlever et al., Myc cooperates with ras by programming inflammation and immune 
suppression. Cell 171, 1301–1315.e14 (2017).

94. M. J. Topper et al., Epigenetic therapy ties MYC depletion to reversing immune evasion and treating 
lung cancer. Cell 171, 1284–1300.e21 (2017).

95. K. K. Leung et al., Broad and thematic remodeling of the surfaceome and glycoproteome on 
isogenic cells transformed with driving proliferative oncogenes. Proc. Natl. Acad. Sci. U.S.A. 117, 
7764–7775 (2020).

96. B. L. Allen-Petersen, R. C. Sears, Mission possible: Advances in MYC therapeutic targeting in cancer. 
BioDrugs 33, 539–553 (2019).

97. H. Land, L. F. Parada, R. A. Weinberg, Tumorigenic conversion of primary embryo fibroblasts requires 
at least two cooperating oncogenes. Nature 304, 596–602 (1983).

98. R. Sears et al., Multiple Ras-dependent phosphorylation pathways regulate Myc protein stability. 
Genes Dev. 14, 2501–2514 (2000).

99. P. D. Bos et al., Genes that mediate breast cancer metastasis to the brain. Nature 459, 1005–1009 
(2009).

100. N. E. Reticker-Flynn, S. N. Bhatia, Aberrant glycosylation promotes lung cancer metastasis through 
adhesion to galectins in the metastatic niche. Cancer Discov. 5, 168–181 (2015).

101. A. Yoshimura et al., Identification and functional characterization of a Siglec-7 counter-receptor on 
K562 cells. J. Biol. Chem. 296, 100477 (2021).

102. C. Büll et al., Probing the binding specificities of human Siglecs by cell-based glycan arrays. Proc. 
Natl. Acad. Sci. U.S.A. 118 (2021).

103. J. Theruvath et al., Anti-GD2 synergizes with CD47 blockade to mediate tumor eradication. Nat. Med. 
28, 333–344 (2022).

104. N. Hashimoto et al., The ceramide moiety of disialoganglioside (GD3) is essential for GD3 
recognition by the sialic acid-binding lectin SIGLEC7 on the cell surface. J. Biol. Chem. 294, 
10833–10845 (2019).

105. N. Yamakawa et al., Discovery of a new sialic acid binding region that regulates Siglec-7. Sci. Rep. 
10, 8647 (2020).

106. H. Läubli, L. Borsig, Altered cell adhesion and glycosylation promote cancer immune suppression 
and metastasis. Front. Immunol. 10, 2120 (2019).

107. S. van de Wall, K. C. M. Santegoets, E. J. H. van Houtum, C. Büll, G. J. Adema, Sialoglycans and 
siglecs can shape the tumor immune microenvironment. Trends Immunol. 41, 274–285 (2020), 
10.1016/j.it.2020.02.001.

108. J. Wang et al., Siglec-15 as an immune suppressor and potential target for normalization cancer 
immunotherapy. Nat. Med. 25, 656–666 (2019).

109. O. Bénac et al., Abstract 2713: Preclinical development of first-in-class antibodies targeting Siglec-9 
immune checkpoint for cancer immunotherapy. Cancer Res. 78, 2713–2713 (2018).

110. B. A. H. Smith, A. Deutzmann, D. K. Sullivan, D. W. Felsher, C. R. Bertozzi, Gene expression in murine 
T-ALL following MYC inactivation. Gene Expression Omnibus. https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE222939. (Deposited 16 January 2023).

https://doi.org/10.1016/j.chembiol.2020.09.001
https://doi.org/10.1038/s41587-020-00805-3
https://doi.org/10.1016/j.it.2020.02.001
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222939
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222939

	MYC-driven synthesis of Siglec ligands is a glycoimmune checkpoint
	Significance
	Results
	MYC Drives St6galnac4 Expression and Promotes Cell Surface Display of the Disialyl-T Glycan Structure.
	ST6GALNAC4 Produces Sialoglycans that Bind to Siglec-E/-7 and Inhibit Macrophage Phagocytosis.
	St6galnac4 Promotes MYC-Driven T-ALL Growth In Vivo.
	MYC and ST6GALNAC4 Predict Poor Prognosis in Human Leukemia and Lymphoma.

	Discussion
	Materials and Methods
	Cell Lines and Cell Culture.
	Mouse Models, In Vivo imaging, and Cell Isolation.
	Flow Cytometry.
	Glycomics.
	Phagocytosis Assay.
	MYC Inhibition in Patient Samples.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 26



