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ABSTRACT 

Dendritic cells (DCs) are able to recognize a broad spectrum of pathogens through 
expression of Pattern Recognition Receptors (PRR), such as the C-type lectin receptors 
(CLRs). CLRs are involved in glycan pattern recognition, endocytosis of bound antigens, 
and signaling that leads to tailored DC-mediated skewing of T cell responses. The immune 
modulatory properties of DC-SIGN is not completely understood, which is further more 
complicated by the fact that two different high affinity glycan ligands (high mannose 
(HM) and LewisY (LeY)), trigger distinct cytokine pathways. Moreover many pathogens 
express a mixture of glycans, limiting the clarification of glycan specific induced signaling.   
We here conjugated HM and LeY to dendrimers and studied the early events of signaling 
in monocyte-derived LPS-stimulated DC through phosphoproteomic quantification. LeY 
dendrimer stimulated moDCs increased the IL-10:IL-12 secretion profile after overnight 
stimulation, while HM dendrimers did not. Phosphoproteomic analysis was associated 
with a significant downregulation in phosphoproteins that were shared between the HM 
and LeY dendrimer conditions after 30 minutes of moDC stimulation. The significantly 
altered proteins were annotated to multiple biological processes, including the IL-12 
signaling pathway and phagosomal routing. The high mannose and LeY dendrimers were 
both able to affect cell activation in the immune response, however through differentially 
altered proteins within the signaling pathways. Binding of the HM dendrimer to DC-SIGN 
specifically affected proteins involved in the endolysosomal trafficking. Both RAB7A and 
DYNC1H1, that are known to exist in a complex, were significantly dephosphorylated 
after HM stimulation with LPS. Furthermore, HM dendrimer binding dephosphorylated 
LYN kinase, which promotes DC maturation and cytokine release. No correlation was 
found between the proteins within the same biological processes that were affected by 
LeY binding. The early biological pathways affected here by DC-SIGN triggering by two of 
its glycan ligands HM and LeY are promising leads for further investigation. The ligand-
specific effects of DC-SIGN on antigen routing, processing, maturation and cytokine 
secretion implies a prominent role in DC reprogramming to elicit specific T cell response 
upon glycan pattern recognition. 
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INTRODUCTION

The human defense system has evolved multiple barriers for protection against infectious 
diseases. The skin and mucosal layers are the first barrier to protect the host against the 
external environment. Pathogenic breach of this barrier activates the innate immune 
system, resulting in nonspecific phagocytosis and clearance of foreign invaders. Persistent 
pathogenic presence activates the adaptive immune system, resulting in a tailor-made 
elimination process of the pathogen. Dendritic cells (DCs) are the link between the innate 
and adaptive immune system, and are thus essential for a proper immune response. 
DCs primarily reside in the periphery in close proximity to the lining of the first barrier. 
In an immature state, DCs continuously sample the environment for self and foreign 
antigens. Encounter of pathogen-associated molecular patterns (PAMPs) matures DCs 
to professional antigen presenting cells1. After pathogen uptake, the DCs processes the 
pathogen for presentation of the pathogenic peptides in MHC molecules to T cells. During 
the onset of the maturation process, the DC migrate to the lymphoid tissue, where the 
naïve T cells reside. Cytokines are simultaneously secreted during antigen presentation to 
enable skewing and activation of antigen-specific T cells as part of the adaptive immune 
response. Driven by the PAMP signals the DCs encounter through pattern recognition 
receptors (PRR) signaling and antigen processing, the response is tailored to the pathogen 
encountered2. 

Multiple families of pathogen recognition receptors are present on DCs, including the 
Toll-like receptor (TLR) and the C-type lectin receptor (CLR) families. Toll-like receptors are 
present on the membrane and within endosomes and triggering of this PRR family results 
in DC cytokine secretion and induction of the adaptive T cell response3. DCs also express a 
large variety of carbohydrate-recognizing lectin receptor. These endocytic transmembrane 
receptors are key modulators and can change the immunological outcome by modulating 
TLR signaling or TLR-independent signaling pathways. Carbohydrate motifs can be found 
on host and on microorganisms, and play a role in pathogen recognition and immune 
activation4. To defend the host against the large amount of diverse pathogens, the 
carbohydrate-recognizing lectins comprise of an extraordinary large family5,6. Next to the 
large range of expressed receptors, few lectins are able to bind multiple glycan patterns, 
which results in different signaling and a tailored immune outcome.  

Dendritic Cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN 
or CD209) is a prime example of a CLR that differentiates immune activation upon specific 
glycan binding. This endocytic receptor, present on DC and macrophages, is able to bind 
high mannose saccharides and Lewis antigens, allowing recognition of a large range of 
pathogens (including viruses, bacteria, fungi and parasites)7,8. The receptor occurs on the 
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cell surface as a tetramer, which creates high affinity binding through its four carbohydrate 
recognition domains to multivalent presented carbohydrate structures9. DC-SIGN has a 
cytoplasmic tail that is able to induce signaling through association with scaffold proteins, 
such as LSP1, KSR1, CNK, and Raf-1 to form the DC-SIGN signalosome upon binding 
mannose glycans10. The cytokine secretions profile upon mannose-binding stimulates 
naïve T cell skewing towards protective T helper (TH)1 responses. Upon binding fucose 
structures, DC-SIGN recruits IKKε, CYLD, and LSP1, and signals through these adaptor 
proteins for the induction of a TH2-skewing cytokine secretion profile11. Furthermore 
DC-SIGN can modulate and prolong the signaling of other PPRs, such as TLR-4, thereby 
skewing the immunological outcome12,13. The DC-SIGN receptor is therefore extensively 
studied for immunomodulatory purposes in therapeutic applications14,15. 

To obtain insight into the early DC-SIGN-mediated signaling events by DCs upon binding 
of different glycan structures that result in the different cytokine secretion profiles 
driving naïve T cell skewing, we explored human DC immunogenic signaling after high 
mannose (Man7-9 oligosaccharides) or LewisY antigen binding. For high affinity DC-SIGN 
binding, we conjugated the glycans to a dendrimeric core for multivalent presentation. 
By analyzing the proteome and phosphoproteome after stimulation with the DC-SIGN 
targeting glycodendrimers in presence or absence of LPS (for TLR4 triggering), we 
obtained a global overview of the altered signaling pathways within the DCs. We mainly 
found downregulation of phosphorylation, of which a large amount overlapped between 
the two conditions. Furthermore, we detected high mannose (HM) or the LewisY (LeY)-
specific altered proteins already after 30 minutes. Our results imply that depending on the 
recognized carbohydrate, DCs are able to instruct glycan-shaped signaling networks and 
pathways, for the tailoring of specific adaptive immunity. 

RESULTS AND DISCUSSION

Generation of two DC-SIGN targeting glycodendrimers
DCs recognize pathogen-associated glycosylation patterns through lectins, and are able 
to modulate the T cell differentiation accordingly for a tailored immune response. To gain 
insight into DC-mediated skewing of the immune response after pathogen encounter, we 
studied the early signaling events after triggering of a specific CLR. DC-SIGN on DCs has 
a diverse glycan recognition spectrum, including the high affinity ligands high mannose 
oligosaccharide and Lewis antigens. High mannose oligosaccharides are present on 
viral envelope proteins, such as on HIV and influenza virus16,17, while Lewis antigens are 
expressed on pathogens such as Helicobacter pylori and Schistosoma mansoni18,19. Due to 
the appearance of DC-SIGN on the cell surface as a tetramer, multivalent presentation of the 
glycans is anticipated for efficient binding. In order to generate multivalent presentations 



93

Proteomic analysis reveals differential DC-SIGN signaling after specific glycan binding 

of HM and LeY to bind DC-SIGN on DC that modulate immune function we selected 
PAMAM dendrimers as carrier platform to create the multivalency. These monodisperse 
branched polymers are symmetrical and geometrically defined spheres, and allow simple 
modification of the termini20. The second generation PAMAM dendrimers with 16 arms 
were selected, due to the optimal effects on internalization, routing and effects on DC 

Figure 1 | Synthesis and validation of the glycodendrimers. (A) Schematic representation of 
the dendrimers with the control, LewisY, and the high mannose glycans. For the conjugation to the 
dendrimers, the free reducing end is used, represented by the “opened glycan”. (B) The LeY dendrimer 
was validated using plant lectin UEA-1 with specificity for LeY antigens. Recognition of LeY was seen, 
while the control dendrimer remained unbound. (C) The HM dendrimer was validated using plant lectin 
ConA with specificity for high mannose oligosaccharides. Recognition of HM was seen, while the control 
dendrimer remained unbound. (D) The percentage of binding moDCs was estimated with the plate 
adhesion assay using dendrimer-coated wells. We found a significant (*** p < 0.01) increase in bound 
moDCs to the LeY and HM dendrimers compared to the control. Blocking of DC-SIGN diminished the 
binding significantly (**** = P <01). (E) The secreted IL-10 and IL-12 cytokines were quantified after 
overnight stimulation of the moDCs with the dendrimers. Decreased IL-12 secretion levels were found 
upon stimulation with both glycodendrimers, while IL-10 was only reduced after LeY stimulation. N ≥ 4
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cytokine responses20. Through reductive animation, we conjugated galactose, LeY, and HM 
glycans using their free reducing ends, resulting in the control-, LeY- and HM-dendrimers 
respectively (Figure 1A). Importantly, only oligomannosides (Man7-9) were used for the HM 
dendrimers, as the DC-SIGN affinity of oligosaccharides with a lesser mannose content is 
low7,14. 

Plant lectin Ulex Europaeus Agglutinin I (UEA-1) with specificity for α1-2-linked fucose 
was able to recognize LeY presence on the dendrimers (Figure 1B). Additionally, the 
HM dendrimers were able to bind to the plant lectin Concanavalin A that has a binding 
specificity for the Manα1-3[Manα1-6]Man core (Figure 1C). With the presence of the 
glycans on the glycodendrimers validated, we subsequently subjected the dendrimers to 
a DC-SIGN binding assay. Monocyte-derived DC (moDC) expressing DC-SIGN were used 
to bind glycodendrimer-coated plates. In this adhesion assay we observed a significant 
increase in moDC binding after coating the wells with either the HM or LeY dendrimers 
compared to the control dendrimer coated wells (Figure 1D). Blocking of the DC-SIGN 
receptor with anti-DC-SIGN antibodies diminished moDC binding, implying DC-SIGN as 
the specific receptor for both HM and LeY dendrimers (Figure 1D). DC cytokine responses 
were addressed after stimulation with the glycodendrimers in the presence of LPS, as 
triggering of the TLR-4 receptor is necessary to induce cytokine secretion in the moDCs. 
Interleukins (IL)-10 and -12 were measured because of their prominent role in T cell 
skewing. The cytokine secretion measured, depicted as a ratio due to their antagonistic 
properties21, show a decrease of both cytokines (Figure 1E). However, IL-12 was reduced 
in higher extent when moDCs were overnight stimulated with LeY dendrimers, resulting 
in the increased IL-10:IL-12 secretion profile (data not shown). IL-10 has demonstrated a 
prominent role in in the differentiation of naïve T cells towards TH222. It is tempting to 
assume that the LeY-induced skewing towards an IL-10 prominent secretion profile 
induces TH2-prone differentiation. Naïve T cell differentiation studies towards TH1/TH2 after 
moDC glycan stimulation would therefore be highly valuable as future lead. The moDC 
cytokine secretion profile was surprisingly minimally affected upon HM stimulation. The 
DC-SIGN-specific glycodendrimers induce a different cytokine profile in DC, depending on 
the carbohydrate ligand that binds to the CLR receptor. The altered DC cytokine secretion 
profile after recognition of specific glycan patterns suggests skewing of naïve T cells to 
different TH effector cell end points, resulting in a glycan-based specific immune response. 

Significantly altered phosphoproteins through DC-SIGN signaling
C-type lectin receptors are able to bind multiple ligands, allowing DC recognition of 
different pathogenic glycans for a proper response. As measured here, DC-SIGN binding 
to the HM dendrimer results in a different cytokine secretion profile compared to the 
LeY binding. To obtain a global view of the early DC decision making events after DC-
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Figure 2 | Phosphoproteomic quantification of the glycodendrimer-stimulated moDCs. (A) 
Workflow of the phosphoproteomic analysis of glycodendrimer-stimulated moDCs. (B) 11,239 
phosphopeptides and 14,948 proteins were quantified with a false discovery rate of < 1% (n=3). Lower 
counts were measured with the LeY and HM-stimulated conditions. (C) The Volcano plot demonstrates 
modified phosphoprotein expression after stimulation with the HM (upper panel) and LeY dendrimer 
(lower panel). The data above the red dotted line represent all the significantly altered phosphoproteins in 
three donors, while blue lines represent a fold change of at least 20% change. The –Log10 of the average 
p values, calculated with a Students T-test in the limma package, is presented against the Log2 fold in 
fold change. Predominant downregulation of phosphosphorylation was seen. (D) Phosphoproteomic 
analysis after glycodendrimer stimulation revealed 226 significantly altered proteins that were shared 
between the HM and LeY conditions. Of the 226 affected proteins, alterations in phosphorylation 
occurred at 208 similar sites between the glycodendrimers. For each glycodendrimers also a specific set 
of altered phosphoproteins was found. 
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SIGN binding, we studied the (phospho)proteome of human DCs after stimulation with 
the glycodendrimers in presence of LPS. Human monocytes, differentiated to moDCs 
were stimulated with the glycodendrimers and LPS for 30 minutes, where after the 
phosphorylation signature was fixed by rapidly cooling the cells to 4°C (Figure 2A). The cells 
were lysed and further digested with sequencing grade trypsin. Through titanium dioxide 
(TiO2) chromatography, the digested lysates were enriched for phosphopeptides with 
modifications on serine, threonine, and at low amounts on tyrosine. The phosphoproteins 
were separated label-free and measured in a nanoLC-MS/MS system. The measured 
samples were matched to a library using MaxQuant and normalized in R. Each donor was 
paired and compared to the stimulation with the control dendrimer. A total of 11,239 
phosphopeptides and 14,948 proteins were quantified with a false discovery rate of < 1% 
(Figure 2B).

The control and LeY dendrimer stimulated conditions of donor 3 were unfortunately 
lost during sample work up. Surprisingly, in all three donors the amount of peptides and 
phosphopeptides found after stimulation with either the HM or LeY dendrimer was lower 
than the control or unstimulated conditions. We found mainly downregulation of the 
phosphoproteins in the HM and LeY stimulated conditions, suggesting glycan binding to 
DC-SIGN triggers de-phosphorylation activity (Figure 2C). With a restriction of 20% fold 
change (blue line) and a P value of at least 0.05 (red line) a total of 362 significantly altered 
phosphoproteins were identified after stimulation with the HM dendrimer, while the LeY 
dendrimer stimulation resulted in 274 significantly altered phopshoproteins (Figure 2D). 
226 of these proteins overlapped between the two stimulations, indicating that a default 
signaling pathway by DC-SIGN exists after ligand binding. Within the 226 shared proteins, 
dephosphorylation occurred at 208 phosphorylation sites which were shared between 
the two stimulations. Due to multiple phosphorylation sites on proteins and peptides, 155 
affected phosphorylation sites were annotated distinctively to HM dendrimer stimulation, 
while 67 sites were LeY dendrimer stimulation specific. Therefore, despite the lower 
amount of peptides and phosphopeptides measured, already after 30 minutes of DC-
SIGN signaling, distinct dephosphorylated (phospho)proteins could be measured after 
stimulation with each of the specific ligands. Next to the glycan-specific signaling, the 
affected proteins shared between the two glycan stimulations suggest DC-SIGN signaling 
through a default pathway. 

Signaling pathways affected through default DC-SIGN signaling
The majority of the significantly altered proteins and phosphoproteins between the two 
DC-SIGN targeting conditions were shared. DC-SIGN is therefore able to affect processes 
independent of recognized glycan signature, indicating a default signaling pathway. We 
therefore first looked at the significantly altered proteins that were shared between the two 
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Figure 3 | DC-SIGN receptor signaling upon glycodendrimer stimulation. (A) GO term enrichment 
analysis using ClueGO of the proteins shared by the DC-SIGN signaling pathway upon LeY and HM- 
glycodendrimer stimulation. The node size represents the number of genes annotated to each term, 
and de edges between the nodes indicate an overlap in proteins. The differentially affected proteins are 
clustered into multiple networks of processes. (B) The five phosphoproteins involved in the interleukin-
12-mediated signaling pathway group are presented with their protein ID, phosphorylation site and 
status by dendrimer stimulation. *, p < 0.05; **, p < 0.01; ***, p < 01; ****, p < 001 (C) The known DC-SIGN 
signaling pathway remained unaffected by the glycodendrimer stimulation, only LSP-1 phosphorylation 
was significantly downregulated upon stimulation with both the glycodendrimers. 
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glycodendrimer-stimulated conditions. Gene ontology (GO) analysis with the Cytoscape 
plug-in tool ClueGO was used to map out in which biological processes the significantly 
altered phosphoproteins are involved23. A total of 66 different GO terms were defined 
within 16 different groups (Figure 3A, Sl. Figure 1, Sl. Table 1). The three largest groups were 
involved in gene expression and regulation of RNA, suggesting that DC-SIGN influences 
the dendritic cell reprogramming during maturation for proper skewing of naïve T cells. 
DCs furthermore migrate towards lymphoid tissue during genetic reprogramming after 
maturation. The “mesenchyme migration” GO group implies that DC-SIGN also affects 
this process. Additionally, moDCs stimulated with LPS dissolve the podosomes necessary 
for mesenchymal migration24. DC-SIGN might also be able to influence this process, as 
visualized by the large red GO term.

Finally, the influence of DC-SIGN on the IL-12-mediated signaling pathway is also very 
notable. IL-12 is a product of dendritic cells involved in T cell priming and skewing 
towards a TH1 end point25,26. An increased IL-10:IL-12 secretion profile was measured after 
LeY glycodendrimer stimulation through decreased IL-12 secretion (Figure 1E, data not 
shown). However, our data implies that the DC-SIGN receptor is also able to modulate this 
response after HM engagement, despite the unaffected IL-10:IL-12 secretion profile. Five 
proteins and eight phosphosites were annotated to this GO term and these overlapped 
between the two glycodendrimer stimulations (Figure 3B). Although the directionality 
of the altered phosphorylation status of the proteins was matched, stimulation with HM 
generally induced more dephosphorylation with exception of the Ser141 site in the PAK2 
protein. This protein is involved in multiple signaling pathways, affecting cell survival 
by phosphorylating ERK3 (MAPK6) and ERK4 (MAPK4)27. DC-SIGN triggering has been 
associated with ERK1/2 protein activation and subsequent increase of IL-10 secretion 
before, but not yet with these atypical MAPKs28. To reveal whether these proteins were 
functionally correlated, STRING analysis was performed. Only CFL1 (Cofilin-1) and 
LCP1 (Plastin-2) were associated (data not shown). In CD4+ T cells, the CFL1 protein 
was found upregulated after stimulation with IL-12, while LCP1 protein expression was 
downregulated29. A functional relationship between the two proteins has not been found.

Crosstalk between the DC-SIGN receptor and TLR-4 signaling has been well described 
by the group of Geijtenbeek. Mannose-engagement of DC-SIGN induced signaling 
through the DC-SIGN signalosome containing the scaffold proteins LSP1, KSR1, CNK and 
Raf-1, while fucose binding to DC-SIGN resulted in IKKε, CYLD and LSP1 association10,11. 
As we compared the significantly altered proteins that overlapped between the two 
glycodendrimer stimulations, the LSP1 protein was found significantly decreased 
in phosphorylation for both glycodendrimers at the same Ser252 site (Figure 3C). 
Stimulation with the HM dendrimer decreased LSP1 phosphorylation with 178.3-fold (p 
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Figure 4 | Glycodendrimer-specific signaling upon DC-SIGN binding. (A) ClueGO GO term 
enrichment analysis of the altered proteins upon stimulation with (A) the HM dendrimer and (B) 
LeY dendrimer, mapped in multiple interconnected networks. The node size represents the number 
of genes annotated to each term, and de edges between the nodes indicate an overlap in proteins. 
The differentially affected proteins are clustered into multiple networks or processes. The group “cell 
activation involved in immune responses” appears in both the significantly altered processes. (C) The 
affected proteins by HM dendrimer binding within the “cell activation involved in immune responses” 
GO group were visualized in STRING to determine the functional relationships between the significantly 
dephosphorylated proteins. One larger network is mapped containing all the affected proteins, except 
CHAMP1, OSTF1, EEF2, and TOM1 and HUWE1. The grey edge termed “other” indicates co-expression in 
different species or a relation through textmining. 
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= 1.34·10-5), while LeY stimulation resulted in a 557.9-fold downregulation (p = 5.49·10-

5). The other mentioned proteins affected by mannose- or fucose binding to DC-SIGN 
were not found significantly altered.  The difference between the previously reported 
DC-SIGN signaling and the results here may be explained by in the dendrimer-specific 
presentation of the glycans to DC-SIGN. The glycans we selected here were presented 
in a multivalent and spherical conformation on the dendrimeric core resembling a 
nanoparticle. On the other hand, the multivalent aspect in stimulation with ManLAM from 
M. tuberculosis and Helicobacter pylori phase variants J223-3 was undefined, although the 
glycolipid-like structure suggests the formation of multivalent micelles10,11. Multivalent 
presentation, especially for LeY ligands, as well as the size of the interacting particle 
are important factors for DC-SIGN-mediated endocytosis30. Via DC-SIGN binding, LeY-
modified liposomes mediated efficient antigen presentation in DCs to CD4+ and CD8+ T 
cells, while synthetic long peptides with a singular LeY saccharide could not30. However, 
through conjugation of the LeY-modified synthetic long peptide to a multivalent core, 
the DC could re-accomplish enhanced antigen presentation of the conjugate to T cells31. 
Not surprisingly, we found that DC-SIGN was able to affect phagosomal processes after 
stimulation with the glycodendrimers (Sl. Figure 2). Furthermore, we have made use of 
branched oligosaccharides with high mannose content (Man7-9), while ManLam only 
harbors mono-, di-, and trimannosides in a linear unbranched chain32. The affinity of the 
larger Man9 oligosaccharide towards DC-SIGN is additionally higher than the affinity of 
e.g. a dimannoside structure33. All the mentioned factors can contribute to the differential 
DC-SIGN-mediated signaling as mechanism for the induction of specific T cell responses. 

Specific DC-SIGN signaling after glycodendrimer engagement
After reviewing the HM and LeY shared proteins, that altered the DC-SIGN triggering, we 
investigated also the specific processes affected by each type of glycodendrimer binding 
to DC-SIGN.  ClueGO analysis of the total set of significantly altered phosphoproteins 
after HM dendrimer stimulation revealed 87 significantly annotated GO terms classified 
into 15 groups. Next to the large networks involving gene and RNA regulation, which 
was also identified in the overlapping phosphoprotein set (Figure 4A), the “cell activation 
involved in immune response” group (dark purple) was particularly outstanding. This 
cluster comprises of 11 GO terms, with 25-31 significantly annotated proteins within each 
term. Analysis of the altered processes after stimulation with the LeY dendrimer resulted 
in the annotation to 58 GO terms in 13 groups (Figure 4B). The group of “cell activation 
involved in immune response” is again present, now comprising of 10 GO terms with 24-
30 significantly altered proteins annotated to each term. Although the same GO terms 
were found after the two glycodendrimer stimulations, 24 phosphoproteins were only 
significantly downregulated after HM stimulation, while 4 phosphoproteins were specific 
to LeY stimulation (Table 1). STRING analysis revealed that the 4 phosphoproteins were 
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Table 1 | Glycodendrimer-specific signaling upon DC-SIGN binding. GO term enrichment analysis 
revealed the “Cell activation involved in immune responses” group as significantly altered. After 
subtraction of the overlapping proteins, the data reveals 24 HM- and 4 LeY-specific phosphoproteins 
involved in this process. 

GLYCAN PROTEIN UniProt ID PhosphoSite FC P value

HIGH 
MANNOSE

ACLY P53396 S455 -4.2 *

AHSG P02765 S138 -40.1 ****

ALDOA P04075 S36 -20.4 ***

S46 -3.2 *

BIN2 Q9UBW5 S273 -5.1 **

CAP1 Q01518 S307 -9.3 **

CD44 P16070 S686 -4.5 **

CD97 P48960 S831 -4.4 *

CHAMP1 Q96JM3 S476 -21.9 ***

DBNL Q9UJU6 S269 -3.9 **

DOCK2 Q92608 S1685 -9.9 ***

S588 -4.6 ***

DYNC1H1 Q14204 S4368 -4.7 *

EEF2 P13639 T54 -18.4 **

HUWE1 Q7Z6Z7 S1907 -14.2 ***

LYN P07948 S11 -17.5 ***

OSTF1 Q92882 S202 -60.1 ***

PIKFYVE Q9Y2I7 S307 -11.6 ***

PRAM1 Q96QH2 S346 -19.1 ***

S334 -17.1 ****

PTPRC P08575 S975 -9.2 ***

RAB7A P51149 S72 -11.0 ***

STAT6 P42226 Y641 -8.6 **

TOM1 O60784 S462 -11.7 *

LEWISY

AHSG P02765 S320 -18.6 ***

DYNC1LI1 Q9Y6G9 S510 -26.6 ***

IGF2R P11717 S2400 -42.2 ***

PGM1 P36871 S117 -35.2 ***
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not functionally interconnected (data not shown).

Of the HM dendrimer-specific proteins, a network could be visualized based on their 
functional relationship (Figure 4C). The nodes with RAB7A linked to DYNC1H1 are 
remarkable, as these proteins are regulators in endo-lysosomal trafficking, governing 
endosomal maturation (Sl. Figure 2)34,35, thus implying changes in antigen routing and 
processing after DC-SIGN triggering with HM glycans. Noteworthy, the protein LYN 
illustrates to be the node with the highest amount of connections. LYN kinase has a 
regulatory role in DC maturation, and LYN impairment reduces molecules involved 
in antigen presentation and co-stimulation, as well as IL-12 secretion. LYN deletion 
furthermore increase DC endotoxin sensitivity and B- and T cell activity, resulting in severe 
inflammation36,37. The implications of HM glycan on this regulatory dendritic cell kinase 
is of interest for further investigation, especially with known interactors  such as DBNL, 
PRAM1, STAT6, CD44, PTPRC, and DOCK2 that all are significantly downregulated. 

Stimulation with either the HM or the LeY dendrimers resulted in significant alterations in 
the “cell activation involved in immune response”-GO group. While both were mediated 
through the DC-SIGN receptor, the majority of the proteins in this biological process were 
affected specifically by either HM or LeY glycan binding. Particularly, stimulation with the 
HM dendrimer yielded interesting new leads for a better understanding of the DC-SIGN 
signaling in tailored immune responses. Further investigation into the role of RAB7A in 
DC antigen routing and processing, and LYN kinase as positive regulator of DC maturation 
and cytokine secretion would result in valuable insight to DC mechanisms in immune 
skewing. 

CONCLUSION

DCs express many PRRs to recognize and respond to a broad spectrum of pathogens. C-type 
lectin receptors are prominent PRRs that bind diverse glycan patterns, and are involved 
in the recognition of self and foreign antigen that modulates immune response. As prime 
example, DC-SIGN is able to bind high mannose and fucose-harboring oligosaccharides, 
resulting in the increased IL-10:IL-12 ratio after LeY stimulation and the minimal decrease 
in ratio by HM. To gain insight into the different signaling pathways elicited by DC-SIGN, 
we stimulated moDCs with DC-SIGN-specific HM and LeY dendrimers. Next to different 
IL-10:IL-12 cytokine ratios, we report significantly downregulated (phospho)proteins after 
30 minutes of stimulation. A large group of the phosphoproteins were shared between 
the two glycan stimulations, implying DC-SIGN signaling through default proteins. The 
significantly altered set of proteins was did not functionally correlate. Furthermore, 
stimulation with either the HM or LeY glycan significantly altered processes in the GO-
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group “cell activation involved in immune response”. Although some of the proteins 
within this GO group were modulated by DC-SIGN triggering in default, the majority was 
affected by either HM or LeY glycan binding. Especially the HM-mediated alterations in 
RAB7A binding to DYNC1H1 for endo-lysosomal trafficking and in the phosphorylation 
of LYN kinase for the regulation of DC maturation are prominent leads for validation in 
more donors. DC-SIGN is therefore an important contributor to DC functioning as key 
initiator of the adaptive immunity, as the data shows implications for roles in the antigen 
routing, processing, maturation and cytokine secretion. Improved understanding of the 
DC-SIGN signaling pathway can teach us more on the biology of glycan recognition and 
its implications on skewing of immune responses. 

It must be taken into mind that the data shown here involves crosstalk between DC-
SIGN and TLR-4, due to the simultaneous stimulation with the glycan and LPS. Crosstalk 
with other PRRs, may provide different signaling signatures. Moreover the simultaneous 
triggering of different CLRs by other glycans or a heterogenous glycan mixture may 
complicate signaling routes and the clarification of DC mechanisms. The dendrimeric 
core structures used in this paper to achieve multivalent presentation of the glycans has 
demonstrated to be an excellent tool for the investigation of DC-SIGN signaling. Isolation 
and conjugation of pathogenic glycan mixtures to the dendrimeric core is therefore a 
beneficial approach for further investigation of CLR induced signaling and crosstalk. 

MATERIALS AND METHODS

Isolation and conjugation of the high mannose glycans
50 mg Ribonuclease B from bovine pancreas (Sigma-Aldrich) was dissolved in 10x TSM 
(20 mM Tris, 150 mM NaCl, 1 mM CaCl2, 2 mM MgCl2, pH = 8) + 5% sodium dodecyl sulfate 
(SDS), and incubated for 20 minutes at 65°C. 1.2 mg Proteinase K (Sigma-Aldrich) in 1x TSM 
was added to the mixture in a total volume of 1 mL. The cocktail was incubated for 48 hours 
at 37°C with regular vortexing. The mannose oligosaccharides (Man5-9) were subsequently 
separated over a biogel p2 column (Biorad) in 50 mM Ammonium Carbonate. After 
lyophilization, the product was dissolved in 66% acetonitrile for separation over a normal 
phase column (Agilent) with ammonium formate (made from 1.88 mL formic acid in 1 
L MQ, and adjusting the pH to 4.4 with Ammonium hydroxide). The mannose fractions 
containing the Man7-9 were lyophilized and validated with mass spectrometry. For every 
one generation 2.0 cystamine core PAMAM dendrimer (Sigma-Aldrich) equivalent, seven 
N-succinimidyl S-acetylthioacetate (SATA, Sigma) equivalents were added in up to 1 mL 
DMSO, to which 15 µL TEA (TEA= triethylamine, Sigma) was added. The mixture was 
incubated for 2 hours at room temperature. 50 mM Hydroxylamine HCL (Thermo) was 
prepared in 1x MEI buffer (50mM phosphate buffer, 150mM NaCl, 10 mM EDTA) pH 7.2, 
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and added to the glycodendrimer cocktail for 30 minutes incubation at 37°C.

For every high mannose glycan equivalent, two succinimidyl 4-(N- 
maleimidomethyl(cyclohexane-1-carboxylate (SMCC, Thermo Fisher) equivalents were 
dissolved in DMSO and 2% TEA. After incubation for 30 minutes at room temperature and 
redissolving in 1x MEI buffer, the SMCC-oligosaccharides were purified over a G10 column 
(GE Healthcare) with 1x MEI buffer. The flow through was subsequently mixed 1:1 with the 
dendrimers and incubated for 2 hours at room temperature and lyophilized. The glycans 
were validated with LC-MS and plant lectin binding

Synthesis of the LewisY and control glycodendrimers
The control and LeY glycodendrimers were synthesized using generation 2.0 cystamine 
core PAMAM dendrimers (Sigma-Aldrich). D-(+)-galactose (Sigma-Aldrich) and LewisY 
pentaose (Elicytyl) were conjugated through reductive animation, using the free reducing 
ends of the glycans. Approximately 32 equivalents of the glycans per dendrimer were 
added In DMSO (Sigma-Aldrich) and acetic acid (8:2, Sigma-Aldrich). 160 equivalents of 
2-Methylpyridine borane complex (Sigma-Aldrich) was added in a total volume of 200 
µL. The cocktail was repeatedly vortexed and incubated at 65°C for 2 hours. Subsequent 
purification over disposable PD10 desalting columns (GE Healthcare) in 50 mM NH4HCO3 
pH 4.4, and multiple lyophilization cycles (redissolving in MQ) yielded the finalized 
glycodendrimer products. Through LC-MS and plant lectin binding, the products were 
validated.

Plant Lectin validation with ELISA
The dendrimers were titrated in 0.2M NaHCO3 in a NUNC MaxiSorp plate and coated 
overnight at room temperature. The plates were washed and blocked with TSM + 1% BSA 
(EMD Millipore) for 30 minutes at 37°C. After washing, 1 µg/mL biotinylated UEA-1 and 
ConA (both Vector Laboratories) in TSM +1% BSA was added and incubated on the plate 
for 2 hours. The plate was subsequently washed extensively with TSM +0.05% Tween20. 
Streptavidin-conjugated peroxidase was added and incubated for 30 minutes at room 
temperature. The binding was visualized with 3,3’,5,5’-tetramethylbenzidine (Sigma-
Aldrich) and quantified on the iMarkTM Microplate Absorbance Reader (Bio-RAD) at 450 
nm.

Primary cell isolation and culture
Through sequential Ficoll (Stemcell Technologies) and Percoll (Sigma-Aldrich) gradient 
centrifugation, monocytes were obtained from buffy coats of healthy donors (Sanquin 
Amsterdam, S0323-XT). The monocytes were differentiated to monocyte-derived 
dendritic cells by culturing them for four days in RPMI 1640 (Invitrogen), supplemented 
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with 10% FCS (Biowittaker), 10 U/mL penicillin (Lonza), 1 U/mL streptomycin (Lonza), 262.5 
U/mL IL-4 (Biosource) and 112.5 U/mL GM-CSF (Biosource). Differentiation and maturation 
markers (CD1a and CD14, both BioLegend; CD83 and CD86, both Becton Dickinson) were 
monitored through flow cytometric analysis. 

Dendrimer specificity analysis with plate adhesion analysis
1 µM of the dendrimers were coated in a NUNC MaxiSorp plate in 50 mM Na2CO3. The 
plates were washed and blocked with TSM + 1% BSA for 30 minutes at 37°C. Per condition, 
approximately 4·104 day 5 moDCs were stained with Calceine-AM (Molecular Probes) for 
30 minutes at 37°C. After washing in PBS, the moDCs were resuspended in HBSS +0.5% 
BSA. To block DC-SIGN or the MR, 40 µg/mL AZN-D1 (αDC-SIGN, in house38) or aCD206 
(αMR, clone 19.2, Bioscience) respectively was added to the moDCs for 45 minutes at 4°C. 
The cells were added to the plate and incubated for 90 minutes at 37°C, and subsequently 
gently washed with pre-warmed (37°C) TSM +0.5% BSA. To all conditions, lysis buffer (50 
mM Tris, 0.1% SDS, dH2O) was added and the fluorescence released (equivalent to the 
amount of bound cells) was analyzed on the FLUOstar Omega (BMG Labtech) at 520 nm. 

Cytokine secretion analysis with ELISA
Approximately 5·104 day 4 moDCs were stimulated with 1 µM dendrimers with or without 
10 ng/mL LPS (Sigma-Aldrich). The supernatant was harvested after overnight stimulation. 
The cytokines IL-10 and IL-12p40 (both Biosource) were measured by ELISA according to 
manufacturer’s protocol. The capture antibody was coated in NUNC MaxiSorp plates in 
0.05M NaHCO3 overnight at 4°C. After washing and blocking the plates with PBS +1% BSA, 
the harvested supernatants were added to the plates and incubated for 2 hours at room 
temperature. After extensive washing, the peroxidase-conjugated antibody was added. 
The binding was visualized with 3,3’,5,5’-tetramethylbenzidine (Sigma-Aldrich) and 
quantified on the iMarkTM Microplate Absorbance Reader (Bio-RAD) at 450 nm.

Primary cell stimulation, lysis and protein extraction 
Approximately 2.5·107 four day-old moDCs were stimulated for 30 minutes at 37°C with 
1 µM glycodendrimer with or without LPS (Sigma-Aldrich). The cells were directly cooled 
to 4°C by washing with pre-cooled 4°C PBS and lysed in lysis buffer (20 mM HEPES pH 
8.0, 9 M CH4N2O, 1 mM Na3VO4, 2.5 mM Na4P2O7, and 1 mM Na2C3H7PO6). 45 mM DDT was 
added to 10 mg protein to reduce the lysate, and incubated for 30 minutes at 55°C. After 
alkylation of the lysate with 110 mM iodoacetamide, the urea was reduced to 2 M with 20 
mM HEPES buffer pH 8.0. The lysate was digested with trypsin (enzyme:protein 1:100 w/w) 
and acidified with 1% TFA for solid-phase extraction over an OASIS HLB-based cartridge 
(Waters Corporation). The peptides were eluted with 0.1% TFA and 80% acetonitrile. 
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TiOx Phosphopeptide enrichment
The desalted tryptic digests were diluted with lactic acid solution (0.3 g/mL lactid acid, 
0.07% TFA/53% acetonitrile) for Titanium dioxide (TiO2) chromatography. Within pipette 
tips, fitted with a 16G-needle punch of a C8 disk EMPORE, TiO2 was added, preconditioned 
with 0.1% TFA and 80% acetonitrile, and equilibrated with lactic acid in 0.07% TFA/54% 
acetonitrile. After washing of the TiO2 bed, the captured phosphorylated serine and 
threonine peptides were eluted with 0.5 and 5% (v/v) piperidine in 20% (v/v) phosphoric 
acid. The enriched mixture was subsequently loaded onto pipette tips fitted with a 
16G-needle punch of an EMPORE disk of poly(StyreneDivinylBenzene) for desalting with 
0.1% TFA and 80% acetonitrile before lyophilization. 

LC-MS/MS acquisition and data processing
The phosphopeptides were separated on an Ultimate 3000 nanoLC-MS/MS system (Dionex 
LC-Packings) equipped with a 20 cm × 75 μmID fused silica column custom packed with 
3 μm 120 Å ReproSil Pur C18 aqua (Dr Maisch GMBH). The obtained MS/MS spectra were 
searched against the Uniprot human reference proteome FASTA file (release February 
2013, 70136 entries) using MaxQuant 1.4.1.2. The phosphopeptides were then quantified 
by their extracted ion chromatograms (‘Intensity’ in MaxQuant), after normalization of the 
intensities on the median intensity of all identified peptides (‘normalized intensity’ from the 
MaxQuant Evidence table). The fold-change and p values were calculated from replicates 
using a two-tailed Student’s t-test in R; phosphopeptides were considered significantly 
different at p < 0.05. The quantification of the phosphopeptides was performed at the 
OPL according to their optimized protocol, and has been described thoroughly before39–41.

Statistics
The statistical analyses were executed in GraphPad Prism v7.04, and evaluated by the 
Student t-test. The plotted data is represented as mean ± SD with the statistical significance 
set at p < 0.05.
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SUPPLEMENTARY MATERIAL

Sl.Figure 1 | GO analysis of DC-SIGN initiated alterations in the proteome. GO analysis results were 
classified in functionally grouped network of terms/pathways. The bars represent the % genes per term. 
The number of proteins annotated to the term and the significance (*; p < 0.05, **; p < 0.01) are indicated 
for each bar. Terms with multiple occurrences in functional groups are marked with “_1” in the name. The 
differentially affected proteins are categorized into 16 groups and 66 terms in total.
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Sl.Figure 2 | DC-SIGN signaling affects the phagosomal processes. The signaling processes 
involving phagocytosis, routing, and processing of the antigens are affected after DC-SIGN triggering, 
independent of the interacting glycodendrimer. The phosphoproteins Rab7, Dynein, Sec61, Sec22, and 
α5β1 were all significantly downregulated in phosphorylation. 
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GO GROUPS GO ID GO TERM GROUP 
P VALUE N ASSOCIATED PROTEINS

ESTABLISHMENT 
OF CELL POLARITY

GO:0030010 establishment of cell 
polarity

0.00050 7 ARHGEF2, CFL1, DOCK2, 
DOCK8, GBF1, MARK2, 
MYO18A

RESPONSE 
TO MURAMYL 
DIPEPTIDE

GO:0032495 response to 
muramyl dipeptide

0.00008 4 ARHGEF2, HNRNPK, TMPO, 
VIM

REGULATION OF 
RNA BINDING

GO:1905214 regulation of RNA 
binding

0.00040 3 EIF3C, EIF4G1, NUCKS1

INTEGRIN-
MEDIATED 
SIGNALING 
PATHWAY

GO:0007229 integrin-mediated 
signaling pathway

0.00019 7 FLNA, HCK, ITGA5, NRBP1, 
PRAM1, TMPO, ZYX

ENDOSOME 
TO LYSOSOME 
TRANSPORT

GO:0008333 endosome to 
lysosome transport

0.02655 3 CHMP2B, LYST, RAB7A

HOMOTYPIC CELL-
CELL ADHESION

GO:0034109 homotypic cell-cell 
adhesion

0.00044 6 ACTB, CSRP1, FLNA, HSPB1, 
LYN, PRKAR1A

REGULATION OF 
LYMPHOCYTE 
APOPTOTIC 
PROCESS

GO:0070228 regulation of 
lymphocyte 
apoptotic process

0.02655 3 DOCK8, LYN, S100A9

PODOSOME 
ASSEMBLY

GO:0071800 podosome assembly 2.62E-06 5 ARHGEF2, BIN2, DBNL, HCK, 
LCP1

NEGATIVE 
REGULATION OF 
PROTEIN SERINE/
THREONINE 
KINASE ACTIVITY

GO:0071901 negative regulation 
of protein serine/
threonine kinase 
activity

0.00035 8 HSPB1, LYN, NDRG1, PDCD4, 
PRKAR1A, PRKAR2A, RGS14, 
SUMO1

MITOTIC SPINDLE 
ASSEMBLY

GO:0090307 mitotic spindle 
assembly

0.00033 5 CHMP2B, FLNA, HNRNPU, 
KLC1, NDRG1

KINASE 
REGULATOR 
ACTIVITY

GO:0019207 kinase regulator 
activity

0.00005 11 AHSG, CCNY, CCNYL1, 
HSPB1, MAP2K2, MARK2, 
PAK2, PEA15, PRKAR1A, 
PRKAR2A, SUMO1

GO:0019887 protein kinase 
regulator activity

0.00005 10 CCNY, CCNYL1, HSPB1, 
MAP2K2, MARK2, PAK2, 
PEA15, PRKAR1A, PRKAR2A, 
SUMO1

GO:1904031 positive regulation 
of cyclin-dependent 
protein kinase 
activity

0.00005 4 CCNY, CCNYL1, PEA15, 
SUMO1

INTERLEUKIN-
12-MEDIATED 
SIGNALING 
PATHWAY

GO:0070671 response to 
interleukin-12

0.00038 5 CFL1, LCP1, PAK2, PDCD4, 
S100A9

Sl.Table 1 | Significantly altered phosphoproteins are involved in multiple biological processes. 
GO terms enriched in the altered phosphoproteins upon HM binding in presence of LPS are organized 
in groups.
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INTERLEUKIN-
12-MEDIATED 
SIGNALING 
PATHWAY

GO:0035722 interleukin-12-
mediated signaling 
pathway

0.00038 5 CFL1, LCP1, PAK2, PDCD4, 
S100A9

GO:0071349 cellular response to 
interleukin-12

0.00038 5 CFL1, LCP1, PAK2, PDCD4, 
S100A9

POSITIVE 
REGULATION 
OF TUMOR 
NECROSIS FACTOR 
PRODUCTION

GO:0032640 tumor necrosis 
factor production

0.00039 8 ARHGEF2, HSPB1, LCP1, 
PTPRC, S100A9, SASH3, SPN, 
UBE2J1

GO:1903555 regulation of tumor 
necrosis factor 
superfamily cytokine 
production

0.00039 8 ARHGEF2, HSPB1, LCP1, 
PTPRC, S100A9, SASH3, SPN, 
UBE2J1

GO:1903557 positive regulation 
of tumor necrosis 
factor superfamily 
cytokine production

0.00039 7 ARHGEF2, HSPB1, LCP1, 
PTPRC, S100A9, SASH3, SPN

GO:0032680 regulation of tumor 
necrosis factor 
production

0.00039 8 ARHGEF2, HSPB1, LCP1, 
PTPRC, S100A9, SASH3, SPN, 
UBE2J1

GO:0032760 positive regulation 
of tumor necrosis 
factor production

0.00039 7 ARHGEF2, HSPB1, LCP1, 
PTPRC, S100A9, SASH3, SPN

MESENCHYME 
MIGRATION

GO:0030048 actin filament-based 
movement

3.96E-06 7 ACTA1, ACTC1, FLNA, 
MYO9B, PTMA, SUMO1, VIM

GO:0005200 structural 
constituent of 
cytoskeleton

3.96E-06 6 ACTA1, ACTB, PLEC, PTMA, 
TMPO, VIM

GO:0033275 actin-myosin 
filament sliding

3.96E-06 4 ACTA1, ACTC1, PTMA, VIM

GO:0030049 muscle filament 
sliding

3.96E-06 4 ACTA1, ACTC1, PTMA, VIM

GO:0090131 mesenchyme 
migration

3.96E-06 4 ACTA1, ACTA2, ACTC1, 
ACTG2

REGULATION OF 
MRNA METABOLIC 
PROCESS

GO:0043487 regulation of RNA 
stability

1.93E-10 12 CARHSP1, DKC1, EIF4G1, 
GIGYF2, HNRNPD, HNRNPK, 
HNRNPU, HSPB1, LARP1, 
PARN, THRAP3, VIM

GO:1903311 regulation of mRNA 
metabolic process

1.93E-10 20 CARHSP1, EIF4G1, GIGYF2, 
HNRNPA1, HNRNPD, 
HNRNPK, HNRNPU, HSPB1, 
LARP1, NELFE, PARN, 
RBM15, RBM25, RBM7, 
THRAP3, TRA2A, TRA2B, VIM, 
VIRMA, YTHDC1

GO:0061013 regulation of mRNA 
catabolic process

1.93E-10 11 CARHSP1, EIF4G1, GIGYF2, 
HNRNPD, HNRNPK, 
HNRNPU, HSPB1, LARP1, 
PARN, THRAP3, VIM

GO:1902369 negative regulation 
of RNA catabolic 
process

1.93E-10 7 DKC1, HNRNPD, HNRNPK, 
HNRNPU, LARP1, PARN, 
THRAP3
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REGULATION OF 
MRNA METABOLIC 
PROCESS

GO:1903312 negative regulation 
of mRNA metabolic 
process

1.93E-10 6 HNRNPD, HNRNPK, 
HNRNPU, LARP1, NELFE, 
THRAP3

GO:0043488 regulation of mRNA 
stability

1.93E-10 11 CARHSP1, EIF4G1, GIGYF2, 
HNRNPD, HNRNPK, 
HNRNPU, HSPB1, LARP1, 
PARN, THRAP3, VIM

GO:0043489 RNA stabilization 1.93E-10 7 DKC1, HNRNPD, HNRNPK, 
HNRNPU, LARP1, PARN, 
THRAP3

GO:1902373 negative regulation 
of mRNA catabolic 
process

1.93E-10 5 HNRNPD, HNRNPK, 
HNRNPU, LARP1, THRAP3

GO:0048255 mRNA stabilization 1.93E-10 5 HNRNPD, HNRNPK, 
HNRNPU, LARP1, THRAP3

RNA SPLICING GO:0000380 alternative mRNA 
splicing, via 
spliceosome

1.81E-12 7 HNRNPA1, HNRNPU, RBM15, 
RBM25, RBM7, THRAP3, 
TRA2B

GO:0000381 regulation of 
alternative mRNA 
splicing, via 
spliceosome

1.81E-12 7 HNRNPA1, HNRNPU, RBM15, 
RBM25, RBM7, THRAP3, 
TRA2B

GO:0043487 regulation of RNA 
stability

1.81E-12 12 CARHSP1, DKC1, EIF4G1, 
GIGYF2, HNRNPD, HNRNPK, 
HNRNPU, HSPB1, LARP1, 
PARN, THRAP3, VIM

GO:1903311 regulation of mRNA 
metabolic process

1.81E-12 20 CARHSP1, EIF4G1, GIGYF2, 
HNRNPA1, HNRNPD, 
HNRNPK, HNRNPU, HSPB1, 
LARP1, NELFE, PARN, 
RBM15, RBM25, RBM7, 
THRAP3, TRA2A, TRA2B, VIM, 
VIRMA, YTHDC1

GO:0008380 RNA splicing 1.81E-12 22 ACIN1, AHNAK, ARL6IP4, 
CLNS1A, HNRNPA1, 
HNRNPA3, HNRNPD, 
HNRNPH1, HNRNPK, 
HNRNPU, RALY, RBM15, 
RBM25, RBM7, SRRM1, 
SRRM2, THRAP3, TRA2A, 
TRA2B, VIRMA, YTHDC1, 
ZC3H13

GO:0043484 regulation of RNA 
splicing

1.81E-12 12 AHNAK, HNRNPA1, 
HNRNPH1, HNRNPK, 
HNRNPU, RBM15, RBM25, 
RBM7, THRAP3, TRA2A, 
TRA2B, YTHDC1

GO:0050684 regulation of mRNA 
processing

1.81E-12 12 HNRNPA1, HNRNPK, 
HNRNPU, NELFE, RBM15, 
RBM25, RBM7, THRAP3, 
TRA2A, TRA2B, VIRMA, 
YTHDC1
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RNA SPLICING GO:0061013 regulation of mRNA 
catabolic process

1.81E-12 11 CARHSP1, EIF4G1, GIGYF2, 
HNRNPD, HNRNPK, 
HNRNPU, HSPB1, LARP1, 
PARN, THRAP3, VIM

GO:1903312 negative regulation 
of mRNA metabolic 
process

1.81E-12 6 HNRNPD, HNRNPK, 
HNRNPU, LARP1, NELFE, 
THRAP3

GO:0043488 regulation of mRNA 
stability

1.81E-12 11 CARHSP1, EIF4G1, GIGYF2, 
HNRNPD, HNRNPK, 
HNRNPU, HSPB1, LARP1, 
PARN, THRAP3, VIM

GO:0000375 RNA splicing, via 
transesterification 
reactions

1.81E-12 17 CLNS1A, HNRNPA1, 
HNRNPA3, HNRNPD, 
HNRNPH1, HNRNPK, 
HNRNPU, RALY, RBM15, 
RBM25, RBM7, SRRM1, 
SRRM2, THRAP3, TRA2A, 
TRA2B, YTHDC1

GO:0000377 RNA splicing, via 
transesterification 
reactions with 
bulged adenosine as 
nucleophile

1.81E-12 17 CLNS1A, HNRNPA1, 
HNRNPA3, HNRNPD, 
HNRNPH1, HNRNPK, 
HNRNPU, RALY, RBM15, 
RBM25, RBM7, SRRM1, 
SRRM2, THRAP3, TRA2A, 
TRA2B, YTHDC1

GO:0000398 mRNA splicing, via 
spliceosome

1.81E-12 17 CLNS1A, HNRNPA1, 
HNRNPA3, HNRNPD, 
HNRNPH1, HNRNPK, 
HNRNPU, RALY, RBM15, 
RBM25, RBM7, SRRM1, 
SRRM2, THRAP3, TRA2A, 
TRA2B, YTHDC1

GO:0048024 regulation of 
mRNA splicing, via 
spliceosome

1.81E-12 10 HNRNPA1, HNRNPK, 
HNRNPU, RBM15, RBM25, 
RBM7, THRAP3, TRA2A, 
TRA2B, YTHDC1

REGULATION OF 
GENE EXPRESSION, 
EPIGENETIC

GO:0040029 regulation of 
gene expression, 
epigenetic

5.42E-10 17 ACTB, EIF4G1, GIGYF2, 
H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, HNRNPU, IFI16, 
MAP2K2, PCM1, PPHLN1, 
RBM15, SMARCA5, TRIM28, 
YTHDC1, ZNF22

GO:0060968 regulation of gene 
silencing

5.42E-10 9 EIF4G1, H1F0, HIST1H1B, 
HIST1H1D, HIST1H1E, 
MAP2K2, PPHLN1, TRIM28, 
ZNF22

GO:1902275 regulation 
of chromatin 
organization

5.42E-10 12 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, HNRNPU, LMNA, 
MAP1S, NELFE, NIPBL, 
PPHLN1, TRIM28, ZNF22

GO:0045814 negative regulation 
of gene expression, 
epigenetic

5.42E-10 9 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, PCM1, PPHLN1, 
SMARCA5, TRIM28, ZNF22

GO:0045815 positive regulation 
of gene expression, 
epigenetic

5.42E-10 7 ACTB, H1F0, HIST1H1B, 
HIST1H1D, HIST1H1E, 
SMARCA5, ZNF22
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REGULATION OF 
GENE EXPRESSION, 
EPIGENETIC

GO:0060969 negative regulation 
of gene silencing

5.42E-10 5 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, ZNF22

GO:1905268 negative regulation 
of chromatin 
organization

5.42E-10 5 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, ZNF22

GO:2001251 negative regulation 
of chromosome 
organization

5.42E-10 9 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, HNRNPA1, 
HNRNPU, PEA15, TERF2IP, 
ZNF22

GO:2001252 positive regulation 
of chromosome 
organization

5.42E-10 11 DKC1, HIST1H1B, HNRNPA1, 
HNRNPD, HNRNPU, LMNA, 
NELFE, NIPBL, PARN, 
PPHLN1, TRIM28

GO:0016584 nucleosome 
positioning

5.42E-10 5 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, SMARCA5

GO:0030261 chromosome 
condensation

5.42E-10 6 ACIN1, H1F0, HIST1H1B, 
HIST1H1D, HIST1H1E, NIPBL

GO:0045910 negative 
regulation of DNA 
recombination

5.42E-10 5 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, TERF2IP

GO:0034401 chromatin 
organization 
involved in 
regulation of 
transcription

5.42E-10 9 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, PCM1, PPHLN1, 
SMARCA5, TRIM28, ZNF22

GO:0097549 chromatin 
organization 
involved in negative 
regulation of 
transcription

5.42E-10 9 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, PCM1, PPHLN1, 
SMARCA5, TRIM28, ZNF22

GO:0006342 chromatin silencing 5.42E-10 9 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, PCM1, PPHLN1, 
SMARCA5, TRIM28, ZNF22

GO:0031935 regulation of 
chromatin silencing

5.42E-10 7 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, PPHLN1, TRIM28, 
ZNF22

GO:0031936 negative regulation 
of chromatin 
silencing

5.42E-10 5 H1F0, HIST1H1B, HIST1H1D, 
HIST1H1E, ZNF22


