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Sialic acid-recognizing Ig-like lectins (Siglecs) are signaling recep-
tors that modulate immune responses, and are targeted for inter-
actions by certain pathogens. We describe two primate Siglecs
that were rendered nonfunctional by single genetic events during
hominin evolution after our common ancestor with the chimpan-
zee. SIGLEC13 was deleted by an Alu-mediated recombination
event, and a single base pair deletion disrupted the ORF of
SIGLEC17. Siglec-13 is expressed on chimpanzee monocytes, innate
immune cells that react to bacteria. The human SIGLEC17P pseu-
dogene mRNA is still expressed at high levels in human natural
killer cells, which bridge innate and adaptive immune responses.
As both resulting pseudogenes are homozygous in all human pop-
ulations, we resurrected the originally encoded proteins and ex-
amined their functions. Chimpanzee Siglec-13 and the resurrected
human Siglec-17 recruit a signaling adapter and bind sialic acids.
Expression of either Siglec in innate immune cells alters inflamma-
tory cytokine secretion in response to Toll-like receptor-4 stimula-
tion. Both Siglecs can also be engaged by two potentially lethal
sialylated bacterial pathogens of newborns and infants, agents
with a potential impact on reproductive fitness. Neanderthal and
Denisovan genomes show human-like sequences at both loci, cor-
roborating estimates that the initial pseudogenization events oc-
curred in the common ancestral population of these hominins.
Both loci also show limited polymorphic diversity, suggesting se-
lection forces predating the origin of modern humans. Taken to-
gether, these data suggest that genetic elimination of Siglec-13
and/or Siglec-17 represents signatures of infectious and/or other
inflammatory selective processes contributing to population re-
strictions during hominin origins.

Sialic acids (Sias) are monosaccharides typically found at the
outermost ends of complex glycan chains that decorate all

vertebrate cell surfaces (1, 2). Sias are essential for embryonic
development (3) and mediate important intrinsic organismal
functions (1, 2). However, given their location and density, Sia-
bearing glycans are also targets for recognition by many pathogen-
binding proteins and toxins (1, 4, 5). Adding complexity to these
opposing evolutionary selection forces, many important bacterial
pathogens have evolved convergent mechanisms for molecular
mimicry of host Sias (4, 6, 7). For all these reasons, both Sias and
Sia-recognizing proteins are rapidly evolving in some taxa. Current
data suggest that humans are an extreme example, with Sia-related
genes representing a “hotspot” in human evolution (5). Of less
than 70 human genes known to be involved in Sia biology, more
than 10 have been documented to exhibit human-specific changes
relative to the chimpanzee, our closest evolutionary cousins (5).
Most of these human-specific genetic changes are in Sia-recog-
nizing Ig-like lectin (SIGLEC) genes (5).
SIGLEC genes encode a family of transmembrane receptors

that bind Sia-containing ligands via their amino-terminal extra-
cellular Ig-like domains and modulate cellular responses via

cytosolic signaling motifs (7–10). The CD33-related subset of
Siglecs (CD33rSiglecs) is rapidly evolving within vertebrates (7–
10). The most likely reason is that CD33rSiglecs are prominently
expressed on innate immune cells, and modulate responses to
pathogens. In this regard, Siglec-3 and Siglecs-5 to -11 in humans
seem to recognize sialylated ligands as “self-associated molecular
patterns” (11), limiting unwanted reactivity against other cells in
the same organism (7–10). However, certain immune-modulating
bacterial pathogens carry out molecular mimicry of sialylated
CD33rSiglec ligands (12), dampening host innate immune cell
responses and facilitating infection (13). In one instance, a human
bacterial pathogen evolved a more stable protein–protein in-
teraction with an inhibitory CD33rSiglec to suppress innate im-
munity (14).
Evolution has also generated CD33rSiglecs with opposing acti-

vatory potential (7, 15, 16), transmitting positive signals to immune
cells via recruitment of the immunoreceptor tyrosine-based acti-
vation motif (ITAM)-containing DAP12 adaptor protein (17).
Some activatory Siglecs pair with inhibitory ones (15, 16), sup-
porting the notion that they represent a host evolutionary response
to pathogen mimicry and engagement of inhibitory CD33rSiglecs
(7). However, low avidity engagement of activatory Siglecs can
mediate paradoxical inhibitory responses (ITAMi) (18, 19).
Two genomic loci encoding ITAM-containing primate Siglecs

(SIGLEC14 and SIGLEC16) are polymorphic, with their common
alleles being nonfunctional (15, 16, 20). These polymorphisms
exist in African populations, indicating that they likely originated
before the migration of modern humans out of Africa about
60,000–70,000 y ago. Thus, functional and pseudogene alleles of
SIGLEC genes can be maintained in populations over long peri-
ods. This finding likely reflects ongoing selection forces involving
the need to maintain innate immune self-recognition and control
damaging inflammatory responses, all against a backdrop of po-
tential pathogen subversion of these mechanisms (7, 8, 20). An
evolutionary balancing act is also supported by the high frequency
of human-specific pathogens that carry out molecular mimicry of
Sias through convergent evolutionary mechanisms (4, 6).
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Current genetic, archeological, skeletal, and radioactive dating
evidence indicates that all modern humans are derived from
a population with an effective size of 10,000 or fewer that orig-
inated in Africa ∼100,000–200,000 y ago (21–25) and later
spread across the planet, replacing other hominin species and
having limited interbreeding with our closest extinct cousins, the
Neanderthals (26) and Denisovans (27). Even smaller estimates
have been made of the effective population size of Neanderthals
(28). The reasons for the small effective population sizes are
unknown, and host–pathogen interactions have not been pre-
viously considered as contributors. Here, we report two genomic
inactivation events in SIGLEC genes that became fixed before
the emergence of modern humans in Africa. Our evidence
indicates that these genes may have been inactivated in the
hominin lineage, because they can be engaged by pathogens
associated with life-threatening invasive infections in newborns
and infants. It is also possible that the immunomodulatory ca-
pacity of these genes was costly in contexts beyond bacterial
engagement of Siglecs, such as toxic inflammatory effects on
ancestral hominin immune cells.

Results and Discussion
Single Alu-Mediated Deletion Event Inactivated SIGLEC13 in the
Hominin Lineage. Analysis of genomic BAC clones indicated
that the primate SIGLEC13 gene was missing from the human
genome but present in chimpanzees and baboons (29). To un-
derstand events accounting for this apparently human-specific
deletion, we analyzed the genomic region encompassing the
SIGLEC13 locus in the currently available sequence builds of the
human, chimpanzee, baboon, and rhesus genomes. Repeat-
Masker software identified several repetitive elements in this
region in all of these species. These elements include Alu ele-
ments, which are primate-specific short interspersed elements
(30). In the chimpanzee genome, five Alu elements are located in
an ∼10-kb genomic region containing the SIGLEC13 locus (Fig.
1A). One Alu element belonging to the AluJb family is located
upstream of the SIGLEC13 locus, one AluSx and one AluSz
elements are within the locus, and two AluSc elements are found
downstream. These elements are also found in orthologous
regions in the baboon and rhesus monkey genomes (Fig. 1A). In
the human genome, we found just one composite Alu element
(AluJb/Sc) occupying the region of ∼7 kb that contains the
SIGLEC13 locus in chimpanzee, rhesus monkey, and baboon
(Fig. 1A). The ∼7-kb region deleted in the human genome is
sandwiched between two ancestral AluJb and AluSc elements
(Fig. 1A). Thus, a single Alu-mediated recombination event was
the likely mechanism for human-specific deletion of SIGLEC13,
leaving a single fused Alu element in the human genome.

Human-Specific Mutational Events Functionally Altered and then,
Pseudogenized Primate SIGLEC17. We previously described the
human SIGLECP3 locus with an inactivating deletion in the
predicted ORF (29). We now note that the rest of the predicted
ORF remains intact. We found more than one cDNA clone
predicting a full-length transcript derived from SIGLECP3 (for
example, BC041072 in SI Appendix, Fig. S1). In addition to the
single nucleotide deletion, the remnant human SIGLECP3
coding region harbors a human-unique missense mutation of the
codon encoding an Arg residue that would have been involved in
Sia recognition when the ORF was intact (SI Appendix, Fig.
S2A). Taken together with evidence for Sia-binding properties of
the resurrected protein when the Arg codon is restored (see
below) and evidence for an intact marmoset ortholog (SI Ap-
pendix, Fig. S2A), we redesignate the original SIGLECP3 locus
as primate SIGLEC17 and the corresponding human pseudo-
gene as SIGLEC17P.
Phylogenetic sequence comparisons showed that the 1-bp de-

letion in SIGLEC17P is human-specific (Fig. 1B). A BLAST query
using the human sequence identified an orthologous gene with a
predicted intactORF encoding Siglec-17 in themarmoset genome,
with 93% DNA sequence similarity and 89% predicted protein

sequence similarity (SI Appendix, Fig. S2A). Analysis of the RT-
PCR–derived orthologous segment from chimpanzee peripheral
blood mononuclear cell mRNA confirmed that, although the 1-bp
deletion is human-specific, independent pseudogenization events
have occurred in the chimpanzee as well as orangutan genomes.
The homologous region containing the SIGLEC17P locus seems
to be completely deleted in the rhesus and baboon genomes (29).
Thus, although well-conserved in primate evolution from
New World monkeys to ancestral hominins, the SIGLEC17 gene
has also undergone independent deletion or pseudogenization
events in multiple primate taxa, with a distinct event in the
hominin lineage.
Additional BLAST analyses showed that SIGLEC17 is most

closely related to SIGLEC3 (encoding Siglec-3/CD33), with the
two loci evolving as paralogs in primates (Fig. 1C). The predicted
V-set and C2-set domains of the resurrected human SIGLEC17
and human SIGLEC3 genes share 66% DNA sequence similarity
(SI Appendix, Fig. S2B). The human pseudogene SIGLECP6 also
has homology to human SIGLEC17P. A phylogenetic tree of pri-
mate SIGLEC3, SIGLECP6, and SIGLEC17P gave no evidence
for a gene conversion during primate evolution among these loci.

Inactivation Events of SIGLEC13 and SIGLEC17 Are Human-Universal.
The Alu-mediated SIGLEC13 deletion and the SIGLEC17 frame-

Fig. 1. Inactivation of two SIGLEC genes during hominin evolution. (A)
Comparison of genomic structure surrounding the SIGLEC13 locus among
humans and other primates. Coding regions are represented by shaded boxes,
and Alu elements are represented by triangles. Names of Alu subfamilies are
shown. Open boxes and ellipses indicate LINE (long interspersed element) and
LTR (long terminal repeat) elements, respectively. The dotted line indicates
a sequence gap. (B) DNA sequence alignment using Clustal W in MEGA4
shows the human-specific loss of G in SIGLEC17P (highlighted in gray). (C)
Reconstructed neighbor-joining (NJ) tree of SIGLEC17P and SIGLEC3 among
primates. Bootstrap values of 1,000 replicates are shown on internal branches.
MEGA4 was used for NJ tree reconstruction and bootstrap analysis.
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shift mutation were homozygous in 28 HapMap human samples
representing a worldwide population (11 Yoruba Africans, 9
Japanese and Chinese, and 8 North Europeans). These events
were not found in genomes from 19 chimpanzees (samples pro-
vided by Pascal Gagneux, University of California, SanDiego, CA)
or 6 orangutans (samples from the Coriell repository), ruling out
an ancestral hominid polymorphism. Notably, except for the uni-
versal frame-shift mutation, the rest of the SIGLEC17 ORF was
intact in all 28 humans. The HapMap sample results left open the
possibility that rare functional allelesmight persist in someAfrican
populations. However, both mutations were found to be in a ho-
mozygous state in ∼230 ethnically and geographically diverse
Africans comprising many major African population groups (SI
Appendix, Table S1) (31). This finding is in contrast to SIGLEC14
and SIGLEC16, which show polymorphic segregating pseudoge-
nization in all human populations (15, 16).
As these pseudogenization events of SIGLEC13 and SIGLEC17

are both human-unique and -universal compared with other pri-
mates, we decided to explore the functional implications by
studying the chimpanzee ortholog of SIGLEC13 and the func-
tionally resurrected form of human SIGLEC17.

Siglec-13 Is Selectively Expressed on Chimpanzee Monocytes. A
monoclonal antibody against the recombinant soluble extracellular
domains of chimpanzee Siglec-13 (SI Appendix) was used for flow
cytometry analysis of chimpanzee peripheral blood leukocytes,
showing expression predominantly on monocytes (Fig. 2A). As
expected from the human SIGLEC13 deletion, there was no spe-
cific antibody binding to human leukocytes. Thus, earlier hominin
ancestors likely expressed Siglec-13 on monocytes, a cell type par-
ticipating in innate immune defenses against bacterial pathogens.

Human SIGLEC17P Message Is Selectively Expressed in Natural Killer
Cells. Because the SIGLEC17 ORF is interrupted by indepen-
dent events in the human and chimpanzee genomes, we could
not study chimpanzee cells to understand the original function of
this protein. Gene Atlas analysis showed prominent expression
of SIGLEC17P message almost exclusively in natural killer (NK)
cells (Fig. 2B). This finding was confirmed by quantitative RT-
PCR in human peripheral blood mononuclear cells, with the
strongest signal in isolated NK cells (Fig. 2C). Thus, hominin
ancestors likely expressed Siglec-17 on NK cells, a cell type that
can activate macrophages to mount antibacterial functions and
bridge the innate and adaptive immune responses.

Chimpanzee Siglec-13 and Functionally Resurrected Human Siglec-17
Bind Sias. Recombinant soluble chimpanzee Siglec-13-Fc and
human Siglec-17-Fc with a functionally restored ORF were
prepared by fusing sequences encoding their first two extracel-
lular Ig-like domains with coding regions for the Fc portion of
human IgG1. Both Siglec-Fcs bound to a sialoglycan microarray,
and binding was lost when the essential arginine residue was
absent (SI Appendix, Fig. S3). These data show that these genes
originally encoded functional Siglecs in hominin ancestors.

Both Proteins Interact with the DAP12 Signaling Adaptor Protein.
The ORFs of chimpanzee SIGLEC13 and resurrected human
SIGLEC17 each encode a transmembrane protein with a single
positively charged residue within the membrane-spanning region.
Other immune cell proteins with this feature (including human
Siglec-14 and -16) can associate with DNAX-activating protein of
12 kDa (DAP12) (17), which has a corresponding negatively
charged residue within the membrane-spanning region (15,
16). Transient transfection of a FLAG-tagged DAP12 cDNA
into 293T cells along with SIGLEC13 or SIGLEC17 cDNAs was
required for optimal surface expression of both molecules (Fig. 3 A
and B). Consistent with this finding, a DAP12–FLAG-tagged pro-
tein could coimmunoprecipitate with Siglec-13 or -17 (Fig. 3 C and
D). Mutation of the single positively charged residue within the
transmembrane domain of each Siglec to a neutral alanine residue
diminished the expression of both proteins. Thus, the positively

charged residue is involved in surface expression of both
SIGLEC13 and SIGLEC17 genes (Fig. 3 A and B).

Functional Analysis of Chimpanzee Siglec-13 or Resurrected Human
Siglec-17. To examine signaling events mediated by chimpanzee
Siglec-13 and resurrected Siglec-17, we used RAW246.7 macro-
phages that intrinsically expresses DAP12 (32). Semistably trans-
fected RAW264.7 cells with Siglec-13 or -17 cDNAs in pcDNA3.1
were acquired after 3 wk of selection in 1.5 mg/mL G418. Expres-
sion of the Siglecs in the transfected cells was confirmed by flow
cytometry or RT-PCR (SI Appendix, Fig. S4). As shown in SI Ap-
pendix, Fig. S5 A and B, semistably transfected cells with Siglec-13
or -17 showed increased intracellular TNF levels after low-dose
LPS stimulation [Toll-like receptor 4 (TLR4) activation] compared
with mock-transfected cells. With Siglec-13 transfection, untreated

Fig. 2. Cell-type specific expression of Siglec-13 and -17. (A) Chimpanzee and
human peripheral blood mononuclear cells (PBMCs) were labeled with
monoclonal anti–Siglec-13 mouse IgG. Colabeling for CD14 (a marker for
PBMCs) showed specific expression in chimpanzee (Upper), but not in human
(Lower) monocytes. (B) Transcript expression profile of human SIGLEC17P
in 84 human tissues and cell lines acquired from BioGPS with probe
gnf1h07492_at. The list of tissues and cell types studied can be found in the
SI Appendix. (C) Quantitative RT-PCR for SIGLEC17P expression in human NK
cells. Human T cells, whole-blood PBMCs, and whole-blood PBMCs depleted of
T cells were used as controls. Results were normalized to GAPDH expression.
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cells sometimes displayed constitutive TNF production, which was
further boosted by LPS (SIAppendix, Fig. S5A). Thus, Siglec-13 and
-17 likely mediated signaling through DAP12 in ancestral mono-
cytes and NK cells, modulating cytokine secretion.

Specific Interactions of Siglec-13 and -17 with Sialylated Bacterial
Pathogens. Some other CD33-related Siglecs are known to recog-
nize certain pathogenic bacteria (13, 14) [e.g., Group B Strepto-
coccus (GBS), a Gram-positive bacterial pathogen that expresses
Sias and causes invasive infections in human newborn infants (33)].
GBS engagement of Siglecs can involve the Sias (13) and/or a spe-
cific cell surface-anchored protein, the β-protein (14). Because
Siglec-13 and -17 could respond to a bacterial product (LPS) (SI
Appendix, Fig. S5), we hypothesized that they would also interact
with certain important sialylated human pathogens. Indeed, the
extracellular domain of Siglec-13 bound to sialylatedGBSA909 but
not the nonpathogenic Gram-positive bacteria Lactococcus lactis
(Fig. 4A). Extracellular domains of both Siglec-13 and -17 also
bound to the sialylatedGram-negative pathogenEscherichia coliK1
(another leading cause of sepsis andmeningitis in humannewborns)
but not nonpathogenic E. coli K-12 (Fig. 4A). Interestingly, al-
though some Sia-dependent binding is observed, these interactions
prominently involved trypsin-sensitive protein–protein interactions
(Fig. 4 and SI Appendix, Fig. S6). With GBS, analysis of an isogenic
bacterialmutant identified the likely binding partner for Siglec-13 as
the GBS β-protein (Fig. 4C), an interaction previously shown to
suppress human leukocyte responses through Siglec-5 (14).

Reduced Intracellular TNF in Siglec-13–Transfected RAW 264.7 Cells in
Response to the Bacterial Infection.Semistably transfected RAW264.7
cells with Siglec-13 cDNA in pcDNA3.1 were acquired as men-
tioned above. Cells were infected with E. coli K1 or GBS A909 for
1 h at low multiplicity of infection (MOI; 0.6 and 0.1, respectively),
and the level of intracellular TNF was then measured by an APC
(Allophycocyanin) rat anti-mouse TNF antibody for all of the
infected cells. Interestingly, compared with the mock control, the
Siglec-13–transfected cells showed reduced intracellular TNF (Fig.
5 A and B). In this regard, it is known from work on other DAP12-
interacting proteins that engagement of corresponding receptors
can mediate either activating responses (through classical ITAM-
Syk kinase signaling) or paradoxical inhibitory responses [ITAMi
through Src kinase and Src homology phosphatase (SHP-1)] (18,
19). Thus, pathogenic bacteria might have been taking advantage
of the cell surface-expressed Siglec-13 in ancestral hominins to
dampen host innate immune cell responses and facilitate infection.
Similar studies with Siglec-17 were not possible, because semistable
expression in these cells resulted in markedly retarded growth.
Attempting to further recreate ancestral interactions of cells

expressing Siglec-13 and -17 with human pathogenic bacteria,
we tried to generate stable macrophage cell lines expressing
them. However, compared with control-transfected cells, those
expressing Siglec-13 or -17 grew very slowly in culture, and we
could not generate long-term stable lines in either mouse
RAW264.7 or human THP-1 macrophage cell lines. Similar dif-
ficulties were encountered with making stable transfectants of
Siglec-17 in the human NK cell line NK-92. Apparently, sustained
expression of these molecules is toxic to these cell types. Given the
expression of Siglec-13 on chimpanzee monocytes, we assume
that ancestral hominin macrophages were able to tolerate ex-
pression of this Siglec. Regardless, it is reasonable to suggest that
Siglec-13–positive monocytes and/or Siglec-17–positive NK cells
on ancestral innate immune cells may have influenced inter-
actions with pathogenic bacteria and/or have had toxic effects.

Timing of SIGLEC Pseudogenization Events During Hominin Evolution.
The two hominin pseudogenization events occurred after a
common ancestor with the chimpanzee, but predated the com-
mon origin of modern humans. Fresh analysis of genomic se-
quence data from a newly obtained well-preserved Neanderthal
sample from Monti Lessini (MLS3) (SI Appendix, see ancient
DNA analysis) showed that the pseudogenized allele of SIGLEC17

was already present before the population divergence of Nean-
derthals and modern humans (between 270,000 and 440,000 y
ago) (26). The same genotype was noted in published Nean-
derthal genomic sequences. Whether SIGLEC13 was also de-
leted from the Neanderthal genome could not be determined
with certainty. However, we found no evidence for the chim-
panzee version of the gene in the Neanderthal sample analyzed
here (SI Appendix) or the published Neanderthal genome se-
quence. The recently published Denisovan genome sequence (27)
also showed evidence of the modern human versions of
SIGLEC17P and the possible deletion of SIGLEC13.
Taken together, the data indicate that both the SIGLEC13

deletion allele and the modern human SIGLEC17P allele were
already present in the common ancestral populations of Nean-
derthals, Denisovans, and humans. However, other similar
SIGLEC genes (SIGLEC14 and SIGLEC16) show polymorphic
pseudogenization in modern humans, with moderate frequency
persistence of the intact functional allele in all human pop-
ulations (15, 16). Initial pseudogenization of SIGLEC16 was
estimated to occur at least 3 Mya (20). Given the small

Fig. 3. Importance of DAP12 for optimal surface expression of Siglec-13 and
-17. (A) 293T cells were transiently transfected with a Siglec-17 cDNA in
pcDNA3.1 with or without cotransfection with FLAG-tagged DAP12. Human
CD33-transfected cells were used positive controls for detection by a rabbit
anti-human CD33 antibody, which partially cross-reacts with human Siglec-17.
Cells cotransfectedwith pcDNA3.1 andDAP12were used as a negative control.
Fluorescence was measured after staining with rabbit anti-human CD33 and
then Alexa Fluor 647 donkey anti-rabbit IgG. The Siglec-17TMmutant in
pcDNA3.1 was made from Siglec-17–pcDNA3.1 by introducing a K253A
mutation. Cotransfected pIRES2-EGFP (Clontech) was used to gate positively
transfected cells. (B) The 293T cells were transiently transfected with a Siglec-
13 cDNA in pcDNA3.1 with or without cotransfection with FLAG-tagged
DAP12. Controls were as in A. Fluorescence was measured after staining with
mouse anti–Siglec-13 and then Alexa Fluor 647 goat anti-mouse IgG. The cSi-
glec-13TMmutant in pcDNA3.1 was made from cSiglec-13–pcDNA3.1 by in-
troducing a K352A mutation. Cotransfected pIRES2-EGFP (Clontech) was used
to gate positively transfected cells. (C and D) 293T cells transiently transfected
with cDNAs for chimpanzee Siglec-13 (C) or human Siglec-17 (D) with/without
DAP12 were lysed. M2 agarose beads were used to pull down FLAG tagged
DAP12. Mouse anti-Siglec-13 or rabbit anti-human CD33 (which cross reacts
with Siglc-17) were used in Western blots followed by HRP conjugated sec-
ondary antibodies, as shown in C and D, respectively. The upper band on the
coimmunoprecipitation is nonspecific because of the use of M2 beads carrying
a mouse antibody (C). M indicates All Blue protein standard (BIO-RAD).
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population of Neanderthals and Denisovans analyzed and the
limited quality of these data, we cannot be certain regarding the
timing of fixation of the SIGLEC13 and SIGLEC17 pseudogenes
in hominin populations. Nevertheless, we hypothesize that ex-
pression of these genes became detrimental to survival under the
selective pressure of pathogenic bacteria that were able to bind
to the Siglecs and subvert their homeostatic immune functions.
Another (not mutually exclusive) selection pressure for Siglec
elimination could have been toxic overactivation of the immune
system. To seek evidence for these hypotheses, we looked for
residual signatures of selection surrounding these loci.

Genomic Evidence for Selection at the SIGLEC13 and SIGLEC17 Loci.
When positive directional selection involves specific genes or
pseudogenes, the genomic regions encompassing such loci can
show limited variation in the time period immediately after (34,
35) depending on the type of selection and whether the allele has
reached fixation. This kind of signature of selection will be
eroded over time by additional random mutations and/or re-
combination. The deepest time at which such signatures can still
be confidently detected is thought to be 5,000–10,000 gen-
erations or about 100,000–200,000 y (34, 35). This depth of time
happens to be similar to the depth of time proposed for the
origin of modern humans (21, 22, 25). Thus, it is impossible to
conclusively prove a classical “selective sweep” before the origin
of modern humans ∼200,000 y ago. However, we decided to look
for any residual evidence of selection surrounding these two loci
compared with data for adjacent genes.

We, indeed, found low π- (nucleotide diversity) and θ- (nucle-
otide polymorphism) values for SIGLEC17P and the SIGLEC13
flanking regions relative to adjacent loci such as SIGLEC8 and
SIGLEC10. Using GENECONV, we did not find any evidence
that either locus was involved in gene conversions that may explain
our observations. Furthermore, the estimated H values of Fay
and Wu of human SIGLEC13 flanking region and SIGLEC17
are significantly negative, and the DH and DHEW tests (36, 37)
show significant results for SIGLEC17P (SI Appendix, Table S4).
However, not all of the statistics significantly rejected neutral
evolution of two loci in our coalescent analysis (SI Appendix, Table
S4). Notably, relatively low polymorphisms were also observed
in SIGLEC7, which is ∼10 kb away from SIGLEC17P. Like
SIGLEC17P (SI Appendix, Table S4), SIGLEC7 also showed sig-
nificant deviation from neutrality in some statistical tests. How-
ever, SIGLEC9, another adjacent locus at a comparable distance,
showed neither low polymorphisms (SI Appendix, Table S2) nor
statistical significance in any of the tests. Thus, SIGLEC7 could
not be the locus of selection. In addition, an HKA (Hudson–
Kreitman–Aguadé) test (38) between SIGLEC17P and SIGLEC7
loci indicated the significantly lower polymorphism in SIGLEC17P
compared with SIGLEC7 with the chimpanzee sequence as an
outgroup (P< 0.05), supporting the notion that SIGLEC17Pmight
be the center of the proposed ancient selective event.
Interestingly, the resurrected Siglec-17 also shows a low non-

synonymous/synonymous rate ratio (dN/dS) that is similar to most
other currently functional Siglecs, suggesting that it was subject to
purifying selection before its pseudogenization (SI Appendix, Fig.
S7). Notably, with the exception of the human-universal single
base pair deletion, the SIGLEC17 ORF remains conserved in all
28 HapMap humans studied, suggesting inadequate time for ac-
cumulation of other randommutations.We, of course, cannot rule
out the possibility that this pseudogene is still undergoing purifying
selection because of some other unknown function (39) (e.g., as
a small RNAi-altering gene expression (40).
Although no single test can be conclusive at this depth of evo-

lutionary time, our collective data indicate a residual signature of
ancient selection forces acting on both of these loci, which must
have predated the common origin of modern humans. However,
such signatures should have faded in 100,000–200,000 y (34, 35).
Thus, it is reasonable to speculate that positive selection on these
pseudogenization events may have been involved in population
bottlenecks close to the origin of modern humans.

Dating the Selection on the Inactivation of SIGLEC13 and SIGLEC17.
The hominin-specific events inactivating SIGLEC13 and SIGLEC17

Fig. 4. Chimpanzee Siglec-13 or resurrected Siglec-17 interacts selectively
with bacterial pathogens. (A) Chimpanzee Siglec-13-Fc or resurrected human
Siglec-17-Fc (with Arg) chimeras were immobilized to ELISA wells by protein
A, and binding of FITC-labeled sialylated strains GBS A909 (serotype Ia) or E.
coli K1 RS218 (StrR) was studied. Negative controls were L. lactis and non-
encapsulated laboratory E. coli K-12 strain DH5α. (B) Binding of E. coli K1
strain RS218 (StrR), isogenic Sia-deficient E. coli K1 ΔneuDB, or E. coli K1
ΔneuDB pretreated with trypsin was studied as in A. (C) Binding of GBS A909
serotype Ia, isogenic Sia-deficient GBS ΔneuA, or GBSΔneuA pretreated with
trypsin was studied as in A. StrainsΔBac (lacking β-protein) or the plasmid
complemented mutant ΔBac + pBac were also studied. All values are means
from three independent experiments ± SD.

Fig. 5. Reduced intracellular TNF of Siglec-13–transfected RAW264.7 cells in
response to bacterial pathogen infection; 500,000 cells semistably trans-
fected with Siglec-13 or vector only and selected with G418 for 3 wk were
seeded in a 12-well plate. The next day, 2 h before infection, cells were
washed three times with HBSS, and regular culture medium without G418
added. Cells were infected with bacterial pathogens at an appropriate MOI
for 1 h at 37 °C. The BD Fixation and Permeabilization Solution Kit (555028)
with APC rat anti-mouse TNF-α was used to detect the intracellular TNF level
using the recommended protocol. Cells without bacterial infection were
used as controls. Cells transfected with pcDNA3.1 vector were used as
a control. (A) Cells infected by E. coli K1 RS218 (StrR) at MOI = 0.6. (B) Cells
infected by GBS A909 (serotype Ia) at MOI = 0.1.
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likely occurred first in the common ancestral populations of
modern humans, Neanderthal, and Denisovans. In keeping with
this finding, coalescence analysis estimated the time of the most
recent common ancestor of identified haplotypes at 800,000–
900,000 for the SIGLEC13 deletion locus and SIGLEC17P (SI
Appendix). At first glance, this timing may seem at odds with
aforementioned signals of selection at both loci, which should
have been completely erased over such long periods of time.
However, we can suggest a scenario consistent with all of the
data—that some active alleles of these genes persisted in the
common ancestral population of modern humans, Neanderthal,
and Denisovans until selection eliminated them at some point
close to the common origin of modern humans. To seek addi-
tional evidence for this possibility, we calculated dates for selec-
tion acting on these events (SI Appendix). Approximate times
were calculated as ∼105,000 y for SIGLEC17P and ∼46,000 y for
SIGLEC13. These numbers are approximations, and the method
does not allow error estimations. Because both pseudogenization
events are universal to all modern human populations, they must
actually date back to at least the common origin of modern
humans ∼100,000–200,000 y ago. Regardless of exact timing,
these data provide support for selection acting on these pseudo-
genes close to the common origin of modern humans.

Bacterial Pathogens as Selective Agents in Hominin Evolution? In-
dependent of exactly when fixation of these pseudogenes oc-
curred in ancestral hominins, the question arises as to what
selective forces were involved. Alteration of innate immune de-
fense against invasive human neonatal pathogens such as GBS
and E. coli K1 would exert a powerful selection pressure on re-
productive success, and other prevalent microbial pathogens

could also have subverted Siglec signaling to promote infection.
Thus, in addition to other extant theories about the origin of
modern humans, interactions of infectious agents with the innate
immune system of early humans should be examined as a source
of potential selection. After all, infectious agents are already
widely recognized as selective agents to explain human poly-
morphisms (e.g., the role of malaria in selecting for the sickle cell
hemoglobin trait). Alternative (but not mutually exclusive) hy-
potheses include Siglec-mediated overactivation of immune cells
and/or changes in commensal–host interactions, which could
have compromised reproductive success or the ability to care for
the young. Additional studies are needed to further investigate
the theoretical role of bacterial selection pressure during human
origins. Strong selection by pathogens could result in severe
population restrictions and bottlenecks, such as seen in hominin
origins. If so, we may need to consider the possibility of an
“infectious origin” of modern humans.

Materials and Methods
DNA samples and population groups are described in Results. PCR, RT-PCR,
sequencing details, and details of flow cytometry for detection of Siglecs or
intracellular TNF expression are in SI Appendix. Cells transfected with ex-
pression constructs for Siglec-13 or -17 with or without DAP12–FLAG were
analyzed by coimmunoprecipitation and Western blotting (SI Appendix).
Details of array fabrication and binding assays, transfection of Siglecs in
mouse Raw264.7 cells, molecular and cellular assays, and human population
genetic analysis are in SI Appendix. Interaction of Siglec-Fcs with bacteria
was studied as described (33) with minor modifications (SI Appendix).
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Supplement to Material and Methods 

Genomic DNA samples, PCR and sequencing.  Genomic DNAs of 28 human individuals were 

acquired from NHGRI including 11 Africans, 9 Japanese and Chinese, and 8 Northern 

Europeans. The presence of human SIGLEC17P and potential SIGLEC17 alleles was checked in 

228 African individuals by PCR with primers SP3F: 5’-GTTTGAGGTTCCTCTTCTGTG-3’and 

SP3R: 5’-TGAGCCTGACGTGCTTTATTC-3’ followed by one-direction DNA sequencing. The 

missing of SIGLEC13 in humans was checked in 230 African individuals (Table S1) by PCR 

following general protocol using two pairs of primers. Primer S13F1: 5’-



TGGGGTCTGGATCCCACGGTAAAGGG-3’ and S13R1: 5’-

GATGCCACTGCACTGTCACTAGAACTC-3’ can only amplify the missing allele (2748bp) 

since the WT allele was too long to be amplified. Primer S13Int1: 5’-

GATTACCCAGGAGGCGGAATCGACCC-3’ was designed from the Siglec-13 deletion region 

and gave a PCR product of 1156bp when paired with S13R1 if the WT allele is present, but gave 

none when missing allele is present. All PCR reactions were done using 100 ng genomic DNA. 

The Expand Long Template PCR System (Roche) along with buffer 3 was used. The reaction 

conditions are as follows; 1 cycle (94°C 2 minutes); 10 cycles (94°C 10 seconds, 62°C 30 

seconds (-1°C/cycle), 68°C 10 minutes); 20 cycles (94°C 15 seconds, 52°C 30 seconds, 68°C 10 

minutes (+20 seconds/cycle)); 1 cycle (72°C 7 minutes). SNPs data of human SIGLEC17P were 

acquired from NHGRI. Six regions surrounding the missing spot of human SIGLEC13 were 

amplified using PCR SuperMix high fidelity (Invitrogen) following the recommended protocol. 

RepeatMasker (http://www.repeatmasker.org/) was used to avoid the repetitive elements when 

designing primers. Each PCR product is 800-1000 bp long. PCR primers are shown in Table S3. 

PCR products were directly sequenced by Genewiz, Inc.  DNA sequences were assembled in 

Sequencher 4.10.1 (Gene Codes Corporation).  

Genomic sequences containing SIGLEC13 locus. Chimpanzee genomic sequence containing 

SIGLEC13 locus was extracted from the BAC sequence submitted by NHGRI (GenBank 

accession number AC132069). Baboon BAC sequence (GenBank accession number AC130272) 

was used to obtain the genomic sequence containing baboon SIGLEC13 locus. The genomic 

sequence containing rhesus monkey SIGLEC13 locus was obtained from the rhesus monkey 

genome NCBI build 1.2. RepeatMasker (http://www.repeatmasker.org/) was used to detect the 

repetitive elements. 



Phylogenetic analysis.  Human SIGLEC17P cDNA sequence based on BC041072 clone was 

used as the query to blast against chimpanzee, orangutan, rhesus macaque, and marmoset 

genomes. Intact ORF (Open Reading Frame) of marmoset SIGLEC17 was predicted by 

GENSCAN (http://genes.mit.edu/GENSCAN.html) and evaluated by Wise2 (EMBL-EBI) 

through comparison of resurrected human Siglec-17 to marmoset genomic DNA sequence. DNA 

or protein sequences alignment was conducted by CLUSTALW in MEGA4 (1). Neighbor-

Joining tree of DNA sequences of SIGLEC17/P and SIGLEC3 was reconstructed in MEGA4. 

Bootstrap values of 1000 replicates were estimated for all of the internal branches.  

Human and Chimpanzee PBMC collection.  Chimpanzee blood samples were collected in 

EDTA-containing tubes at the Yerkes National Primate Center (Atlanta, GA) and shipped on ice 

overnight. With approval from the University of California Institutional Review Board, blood 

from healthy human volunteers was similarly collected into EDTA-containing tubes and then 

stored overnight on ice or start processing immediately. Peripheral Blood Mononuclear Cells 

(PBMCs) were isolated by centrifugation using the Ficoll-Paque PLUS (GE Healthcare) 

following established protocol (2) 

Siglec-13 expression on chimpanzee monocytes.  Chimpanzee and human PBMCs were 

collected as above. Cell surface expression of Siglec-13 was probed by Mouse monoclonal anti-

Chimp-Siglec-13 antibody (see below) and then stained with Alexa Fluor 647 goat anti-mouse 

IgG (Invitrogen). Cells were then washed and labeled for CD14 (a marker for peripheral blood 

monocytes) using FITC Mouse anti human-CD14 IgG (BD Pharmagen). Antibody against 

human CD14 is able to react equally well against chimpanzee CD14.  

qRT-PCR of SIGLEC17P transcript in human Natural Killer cells. Human PBMC was 

collected freshly as above. Natural killer cells and T cells were enriched from PBMC using 



Human NK cell enrichment kit and CD3 positive selection kit (Easysep), respectively. Total 

RNA was purified from extracted NK cells, T cells, total PBMC, and total PBMC without T cells 

using RNeasy plus Mini kit following the recommended protocol (Qiagen). Half microgram of 

total RNA was used for cDNA synthesis using the QuantiTect Reverse Transcription kit 

(Qiagen). The cDNA was stored at -80°C until use. Real-time PCR was performed using C1000 

thermal cycler (BIO-RAD) with QuantiTect SYBR green PCR master mix (Qiagen) according to 

the manufacturer’s protocol. The PCR condition was 15min at 95°C followed by 40 cycles of 

15sec at 95°C, 30sec at 55°C and 30sec at 70°C. Primer mix of Hs_SIGLECP3_1_SG (Qiagen) 

was used for qPCR. All qPCR reactions were performed in triplicate. GAPDH mRNA levels 

were used to normalized the relative expression levels of target mRNAs.  

Preparation of human Siglec-17-pcDNA3.1, chimpanzee Siglec-13-pcDNA3.1, and human 

DAP12-FLAG-pcDNA3.1 constructs. Clone BC041072 (IMAGE: 5484659) was purchased 

from Invitrogen. The full-length potential coding region of SIGLEC17P was amplified by PCR 

from BC041072 clone using PfuUltra high-fidelity polymerase (Stratagene) following 

recommended protocol with primer SigP3fullF (5’- 

AGATTATCTAGAGCCACCATGCTGCCGCTGCTGCTGCCG-3’; Kozak sequence 

underlined, preceded by an XbaI site) and primer SigP3fullR (5’- 

TCGTGCGATATCTCACCGCCTTCTTCTTGTGGAAACTG-3’; EcoRV site underlined). PCR 

products were digested with XbaI and EcoRV and subcloned into XbaI-EcoRV sites of pcDNA3.1 

(-) (Invitrogen). Resurrected Siglec-17-pcDNA3.1 construct was prepared by introducing a 

single nucleotide ФG‘ into Siglec-17p-pcDNA3.1 construct using QuikChange II XL site-

directed mutagenesis kit (Stratagen) following the manufacturer’s instructions, using primer pair 

SigP3mutant#1 (5’- CTGCCCCTGCTGTGGGCAGGGGCCCTCGCTCAGGATGC -3’; 



Inserted ФG‘ underlined) and SigP3mutant#2 (complementary to SigP3mutant#1). Siglec-17-

pcDNA3.1 point mutant (W120R), which has Arginine (responsible for Sialic acid binding) 

restored was prepared by introducing point mutation into Siglec-17-pcDNA3.1 construct by 

QuikChange II XL site-directed mutagenesis kit, using primer pair SigP3Arg#1 (5’- 

GGTTCATACTTCTTTCGGGTGGCGAGAGGAAG -3’; Arg codon underlined) and 

SigP3Arg#2 (complementary to SigP3Arg#1).  Chimpanzee Siglec-13-pcDNA3.1 was kindly 

provided by Takashi Angata.  A human DAP12 clone in vector pCMV-SPORT6 was purchased 

from Open Biosystems (Hunsville, AL).  DAP12 was amplified using 5’-

CCCCTCGAGCCACCATGGGGGGACTTG AACCCTG-3’; (XhoI site underlined) and 5’-

GGGGAATTCTTA CTTGTCATCGTCGTCCTTGTAGTC TTTGTAATACGGCCTCTGTGTG-

3’ (EcoRI site underlined, complementary FLAG tag-coding sequence is italicized). The 

amplified PCR product was digested using XhoI and EcoRI and subcloned into pcDNA3.1(-).  

The sequences of all constructs have been verified by DNA sequencing. 

Preparation of human Siglec-17-Fc and chimpanzee Siglec-13-Fc expression constructs. 

The cDNA region of human SIGLEC17 encoding the extracellular domain without signal peptide  

was amplified from Siglec-17-pcDNA3.1 construct or its W120R mutant construct by PCR using 

PfuUltra high-fidelity polymerase following recommended protocol with the forward primer 5’-

AAGCTTCAGGATGCAAGATTCCGG-3’ (HindIII site underlined) and the backward primer 

5’-TCTAGAGGAGACACTGAGCTG-3’ (XbaI site underlined). PCR products were digested 

with XbaI and HindIII and subcloned into XbaI-HindIII sites of Signal pIgplus MCS vector (Lab 

storage), which carries Siglec-3 signal peptide. Upon mammalian cell transfection, the resulting 

construct expressed a recombinant soluble Siglec-17-Fc protein with or without arginine restored 



(a fusion protein of the extracellular two Ig-like domains of human Siglec-17 and human IgG Fc 

fragment).  

Chimpanzee Siglec13-EK-Fc/pcDNA3.1 was kindly provided by Takashi Angata. This 

construct expressed a recombinant soluble Chimpanzee Siglec-13 extracellular domain including 

the signal peptide and two Ig-like domains and human IgG Fc fragment.   The expression 

construct for Siglec13-EK-Fc/pcDNA3.1 point mutant (R120K) was prepared by introducing 

point mutation into Siglec-13-Fc construct using primer pair CSig13ArgMutant#1 (5’- 

CAGTGGTTCGTACTTCTTTAAGGTGGAGGAAACAATGATG -3’; Lys codon underlined) 

and CSig13ArgMutant#2 (complementary to CSig13ArgMutant#1). Upon mammalian cell 

transfection, the resulting constructs expressed recombinant soluble Siglec-13-Fc proteins with 

or without the arginine mutated (a fusion protein of the extracellular two Ig-like domains of 

chimpanzee Siglec-13 and human IgG Fc fragment).  The fusion proteins were prepared by 

transient transfection of Chinese hamster ovary TAg cells with Siglec-Fc constructs following 

the established protocol (3).  Siglec-Fc proteins were purified from culture supernatant by 

adsorption to protein A-Sepharose (GE Healthcare). 

Purification of Mouse monoclonal anti-Siglec-13.  The two Ig-like domains were cleaved from 

the Siglec-13-Fc fusion protein using enterokinase and separated from the Fc domain using IgG 

Sepharose (Amersham), which preferentially bound to the Fc region. The purified two-domain 

peptide of Siglec-13 was used to immunize mice. The immunization, fusion and subcloning were 

conducted by Promab Biotechnologies following the recommended protocol. Multiple 

subcloning supernantants were tested for binding of Siglec-13 by ELISA and 

Immunohistochemistry. The specificity of the antibody was evaluated by its binding to human 



Siglec-6, 9, 11, and 12. The supernantant of one of the two best clones which bound to Siglec-13 

specifically with no reactivity to other Siglecs were used in our study. 

293T Cell transfection and flow cytometry: Human 293T cells were transfected with Siglec-

pcDNA3.1 or cotransfected with DAP12-FLAG-pcDNA3.1 (1:1 ratio) vector using 

Lipofectamine2000 following the recommended protocol (Invitrogen). Transfected cells with 

both pcDNA3.1 and DAP12 were used as a negative control in flow cytometry. Rabbit 

polyclonal anti-CD33 antibody (Novus biological) was used to probe the cell surface expression 

of Siglec-17, and fluorescence was measured after staining with Alexa Fluor 647 donkey anti-

rabbit IgG (Invitrogen). The quality of flow cytometry results was controlled using 293T cells 

transfected with human CD33 (SIGLEC3). Mouse monoclonal anti-Chimp-Siglec-13 antibody 

was used to probe the cell surface expression of Siglec-13, and fluorescence was measured after 

staining with Alexa Fluor 647 goat anti-mouse IgG. 

Co-immunoprecipitation of chimpanzee Siglec-13 or human Siglec-17 with human DAP12.  

293T cells were plated in 6-well plates. Next day, Siglec-13-pcDNA3.1 or Siglec-17-pcDNA3.1 

was transfected into these cells either individually or together with DAP12-FLAG-pcDNA3.1 

using Lipofectamine 2000 (Invitrogen) following the manufacturer recommendation. 293T cells 

transfected with DAP12 only or together with pcDNA3.1 were used as negative controls.  

Twenty four hours after transfection, cells from each well was lysed in 300 µl of 10 mM Tris 

HCl pH 7.4, with 1% Triton X-100 and 150 mM NaCl and 1mM EDTA with Protease Inhibitor 

Cocktail Set III (EMD Biosciences, La Jolla, CA). 200ug of cell lysate was then incubated with 

anti-FLAG conjugated M2-agarose beads (Sigma). The immunoprecipitated materials were 

loaded on SDS-PAGE gel, blotted on nitrocellulose membrane (Bio-Rad) and probed with anti-

Siglec-13 mouse monoclonal antibody or anti-CD33 rabbit polyclonal antibody (Novus 



biological) followed by anti-mouse/rabbit-HRP (Jackson laboratories). The presence of DAP12 

was verified by rabbit anti-FLAG (Sigma).  

Sialoglycan-microarray fabrication. Arrays were fabricated by KAMTEK Inc. (Gaithersburg, 

MD) in a manner similar to that already reported by us (4).  Epoxide-derivatized Corning slides 

were purchased from Thermo Fisher Scientific (Pittsburgh, PA). Glycoconjugates were 

distributed into six 384-well source plates (12-16 samples per plate) using 4 replicate wells per 

sample and 20 µl per well (Version 12).  Each glycoconjugate was prepared at 100 µM in an 

optimized print buffer (300 mM phosphate buffer, pH 8.4). To monitor printing quality, 

replicate-wells of human IgG (Jackson ImmunoResearch, at 150 µg/ml) and Alexa -555 

(25ng/µl) in print buffer were used for each printing run. The arrays were printed with four 

SMP5B (Array It). These are quill pins with bubble uptake channel and gives spot diameter of 

~160µm (glycan spots ~ 70 µm). Printing was done using VersArray ChipWriter Pro 

(Virtek/BioRad). There is one super grid cluster on X-axis and two on Y-axis generating 8 sub-

array blocks on each slide. Blotting was done (5 blots/dip; Blot Time: 0.05 secs) in order to have 

uniform sample distribution. Each grid (sub-array) has 16 spots/row, 20 columns with spot to 

spot spacing of 225 µm. The humidity level in the arraying chamber was maintained at about 

66% during printing. Printed slides were left on arrayer deck over-night, allowing humidity to 

drop to ambient levels (40-45%). Next, slides were packed, vacuum-sealed and stored in a 

desiccant chamber at RT until used. Slides were printed in one batch of 45 slides. 

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

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

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

were centrifuged at 200�g for 3 min. Dry slides were fitted with ProPlateҐ Multi-Array slide 



module (Invitrogen) to divide into the subarrays then blocked with 200 µl/sub-array blocking 

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

with gentle shaking. Next, the blocking solution was aspirated and diluted samples (Siglec-Fc at 

7.5 µg/ml in PBS/OVA, 200 µl/sub-array) were added to each slide and allowed to incubate with 

gentle shaking for 2 h at RT. Slides were washed three times with PBST (PBS, 1% Tween) then 

with PBS for 10 min/wash with shaking.  Bound antibodies were detected by incubating with 

200 µl/sub-array of the relevant fluorescent-labeled secondary antibody Cy3-anti-human IgG 

(1.5 µg/ml) diluted in PBS at RT for 1 hour.  Slides were washed three times with PBST (PBS, 

1% Tween) then with PBS 10 min/wash followed by removal from of ProPlateҐ Multi-Array 

slide module and immediately dipping slide in a staining dish with dH2O for 10 min with 

shaking, then centrifuged at 200�g for 3 min. Dry slides were vacuum-sealed and stored in dark 

until scanning the following day. 

Array slide processing. Slides were scanned at 10 �m resolution with a Genepix 4000B 

microarray scanner (Molecular Devices Corporation, Union City, CA) using gain 450. Image 

analysis was carried out with Genepix Pro 6.0 analysis software (Molecular Devices 

Corporation). Spots were defined as circular features with a variable radius as determined by the 

Genepix scanning software. Local background subtraction was performed. 

Semi-stable Transfection of Siglecs in Raw264.7 cells.  Mouse macrophage cell line 

RAW264.7 is purchased from ATCC. Cells were transfected with Siglec-13-pcDNA3.1, Siglec-

17-pcDNA3.1, or pcDNA3.1 vector only using lipofectamine2000 (Invitrogen) following the 

recommended protocol. After 36 hours, 1.5 mg/ml G418 (Invitrogen) was added into the medium 

in order to select the positively transfected cells.   Antibiotic containing medium was removed 

and replaced every 3-4 days.  The surviving Siglec-transfected cells as well as the control cells 



were used after three weeks selection for studies of LPS response and bacterial pathogen 

infection assay. 

Intracellular TNF after exposure to a TLR ligand.  Siglec-transfected or control transfected 

RAW264.7 cells were exposed to 0.1 ng/ml bacterial lipopolysaccharide (LPS, Invitrogen) for 

2.5 hours at 37°C, with one microliter of BD GolgiStop protein transport inhibitor added.  Cells 

were washed three times by staining buffer, permeabilized, and fixed by BD Cytofix/Cytoperm 

Fixation/Permeabilization kit. Intracellular TNF secretion was detected by APC rat anti-mouse 

TNF (BD) using flow cytometry.  

Bacterial binding to Siglec-Fc molecules. The interaction of chimp Siglec-13-Fc or human 

resurrected Siglec-17-Fc with bacteria was determined using a previously described method with 

minor modifications (5).  Immulon ELISA plates were coated with 0.025 mg/ml protein A 

(Sigma) in coating buffer (67 mM NaHCO3, 33 mM Na2CO3, pH=9.6) overnight at 4ºC. Wells 

were washed and blocked with assay buffer (20 mM Tris pH=8.0, 150 mM NaCl, 1% BSA) for 

1.5 h at 37ºC. Chimpanzee Siglec-13-Fc or resurrected human Siglec-17-Fc chimera (with or 

without Arginine) diluted in assay buffer were added to individual wells at 0.025 mg/ml for 2 h 

37ºC. For E. coli K1 strain RS218 (StrR), E. coli K1 ΔneuDB (CmR) (isogenic sialic acid-

deficient) and E. coli K-12 strain DH5�, bacteria were grown to an OD600 of 0.6; for Group B 

Streptococcus (GBS) strain A909 (serotype Ia), GBS ΔneuA (isogenic sialic-acid deficient), 

GBS ΔBac (isogenic �-protein deficient) and Lactococcus lactis, bacteria were grown to an 

OD600 of 0.4. Bacteria were labeled with 0.1% FITC (Sigma) for 1 h 37ºC and then suspended at 

1 x 107 cfu/ml in assay buffer and added to each well and centrifuged at 805 x g for 10 min. 

Bacteria were allowed to adhere for 15 min at 37ºC. The initial fluorescence was verified, wells 

were washed to remove unbound bacteria, and the residual fluorescence intensity (excitation, 485 



nm; emission, 538 nm) was measured using a Spectra Max Gemini XS fluorescence plate reader 

(Molecular Devices). Trypsin treatment was done by incubating E. coli ΔneuDB or GBS ΔneuA 

in 0.5% trypsin (Sigma) + 10 mM EDTA in PBS for 30 min at 37ºC and washed 5 times with 

PBS as previously described (Carlin, A, et al 2009). Gram staining of trypsin-treated bacteria 

was conducted using crystal violet and intact bacterial cell walls were observed under 

microscopic examination. 

Human population genetic analysis.  The DHEW test (6) of human SIGLEC17 sequences was 

conducted using the program dh.jar, kindly provided by Kai Zeng, University of Edinburgh.  The 

chimpanzee sequence was used as the outgroup in computing DH and DHEW. P-values in the 

DHEW test were estimated using 100,000 replications of coalescent simulation. The coalescent 

analysis of the Tajima’s D and Fay and Wu’H were conducted in DNAsp5.10 (7). For human 

SIGLEC17P, u = 74/(6*106*2) = 0.616*10-5 per year per locus. 74 divergence sites were found 

between human and chimpanzee SIGLEC17P of 9047bp. For human SIGLEC13, u = 

63/(6*106*2) = 5.25*10-6 per year per locus. 63 divergence sites were found between human and 

chimpanzee SIGLEC13 of 5145 bp. The population recombination rate of human SIGLEC17P 

region used was estimated to be R =4Nr =4 � 10,000 � (3.3 � 10-8 � 9047) =12, where 3.3 

� 10-8 is the pedigree-based recombination rate per generation per nucleotide at SIGLEC17P 

locus (8).  The population recombination rate of human SIGLEC13 flanking regions was 

estimated to be R =4Nr =4 � 10,000 � (3.9�10-8 �5145) = 8, where 3.9�10-8 is the 

pedigree-based recombination rate per generation per nucleotide at SIGLEC13 locus (8). PHASE 

2.1.1 was used to reconstruct the haplotypes in both SIGLEC17P and SIGLEC13 loci. The 

average divergence between two major haplotype sublineages of SIGLEC17 is 11 out of 9047 bp 

and 9 out of 5145 bp for SIGLEC13. Therefore, the TMRCA was estimated to be 11/(2u) and 



9/(2u), respectively.  The nucleotide polymorphism (Theta), nucleotide diversity (Pi), and HKA 

test were estimated in DNAsp 5.10. The Dn (the nonsysnonymous substitution per 

nonsynonymous site) and Ds (the synonymous substitution per synonymous site) were calculated 

in MEGA4 using the modified Nei-Gojobori method. 

Dating the Selection on the Inactivation of SIGLEC13 and SIGLEC17. We used a published 

method (9) to approximately predict the time back to the selection on the deletion of SIGLEC13 

and pseudogenization of SIGLEC17. We assumed that mutation rate = DH-C/(6*106*2) (D is the 

divergence between human and chimpanzee orthologous regions) and that t = S/(nu)   (where S: 

is the number of segregating sites; n is: the number of haplotypes included; and, u is: the neutral 

mutation rate of the locus). Fifty-four haplotypes were analyzed for SIGLEC17 and 48 

haplotypes for SIGLEC13. The number of segregating sites observed at each locus is 35 and 9, 

respectively. 

Supplement to Figure Legend 2 

Human tissues or cell types studied in Figure 2B are as follows (left to right on the X-axis): 

721_B_lymphoblasts, Adipocyte, Adrenal Cortex, Adrenalgland, Amygdala, Appendix, 

Atrioventricular Node, BDCA4+_Dentritic Cells, Bone marrow, Bronchial EpithelialCells, 

Cardiac Myocytes, Caudate nucleus, CD105+_Endothelial, CD14+_Monocytes, CD19+_B 

Cells(neg._sel.), CD33+_Myeloid, CD34+, CD4+_Tcells, CD56+_NKCells, 

CD71+_EarlyErythroid, CD8+_Tcells, Cerebellum, Cerebellum Peduncles, Ciliary Ganglion, 

Cingulate Cortex, Colon, Colorectal Adenocarcinoma, Dorsal Root Ganglion, Fetal brain, Fetal 

liver, Fetal lung, Fetal Thyroid, Globus Pallidus, Heart, Hypothalamus, Kidney, 

Leukemia_chronic Myelogenous K-562, Leukemia_promyelocytic-HL-60, Leukemia 

lymphoblastic (MOLT-4), Liver, Lung, Lymph node, Lymphoma_Burkitts (Daudi), 



Lymphoma_Burkitts (Raji), Medulla Oblongata, Occipital Lobe, Olfactory Bulb, Ovary, 

Pancreas, Pancreatic Islet, Parietal Lobe, Pineal_day, Pineal_night, Pituitary, Placenta, Pons, 

Prefrontal Cortex, Prostate, Retina, Salivary gland, Skeletal Muscle, Skin, Small_intestine, 

Smooth Muscle, Spinal cord, Subthalamic Nucleus, Superior Cervical Ganglion, Temporal Lobe, 

Testis, Testis Germ Cell, Testis Intersitial, Testis Leydig Cell, Testis SeminiferousTubule, 

Thalamus, Thymus, Thyroid, Tongue, Tonsil, Trachea, Trigeminal Ganglion, Uterus, Uterus 

Corpus, Whole Blood, Whole Brain. 
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MATERIALS & METHODS 

1. Samples 

We analyzed a new Neanderthal sample (MLS3) from Mezzena Rockshelter in the Lessini 

Mountains (Verona, Italia). The site is situated 250 m a.s.l. at the base of the Middle Eocene rock 

formation Nummulites complanata, located in the Avesa valley at the junction of two canyons, Vajo 

Gallina and Vajo Borago.The archaeological deposits are approximately 1.5 – 1.7 m deep and their 

stratigraphy is composed by three layers (i.e. III to I from the bottom to the top of the sequence) 

containing lithics, faunal and Neandertal human remains, attesting a lengthy or repeated use of the 

site. Several fragmented human remains were all found within sub layer Ib and include parts of the 

skull, of a jaw and post-cranial elements [1]. Starting from 0.5gr of a scapula fragment DNA was 

extracted at University of Florence in a clean-room facility exclusively dedicated to ancient DNA 

study and attending the most rigorous precautions to avoid contamination from modern human 

DNA as described in Lari et al. [2]. Immediately after extraction, DNA was amplified as described 



in [2] in order to determine the mtDNA motif of a diagnostic fragments between nucletotide (nt) 

positions 16230 to 16262 using the primers pairs as described in [3]. Four different PCR reactions 

were performed. Two negative controls were introduced in every PCR reactions. Amplification 

products of the correct size were gel isolated and purified, that permits to check if the templates 

were originated from Neanderthal or modern humans. Four PCR products were cloned using the 

TOPO TA Cloning kit (Invitrogen), then several clones were cycle-sequenced by BigDye 

Terminator kit (Applied Biosystems) as described in ref. [3]; clones sequenced were determined in 

an Applied BioSystems 3100 DNA sequencer. With the same procedure but in a different day DNA 

was extracted from a rib of a Pan troglodytes specimen collected in Museum of Natural History of 

Florence, Anthropology and Ethnology Section, (catalog number: 5417). Control positive DNA 

from a human sample was obtained by oral swab and chelex extraction in a dedicated forensic lab in 

Florence. Extracted DNA was diluted 1:200 and subjected to the same PCR and sequencing 

conditions of the ancient and the museum samples as described below. 

 

2. Siglec gene amplifications 

2.1 Primers design. 

Two different primers pairs were designed by means of Primer3 in order to detect the status of the 

Alu insertion in Siglec13 in the Neandertal sample. Due to the ancient DNA fragmentation, in fact, 

it is not possible to detect the presence of the entire insertion by PCR. For this reason we designed 

two different primer pairs; on the basis of Pan troglodytes sequence we designed a primer pair 

located between the end of the insertion and the subsequent sequence; another couple was designed 

on the basis of the human reference sequence that does not present the insertion (Fig 1). Primer3 

default settings were used except that we searched for primers pairs amplifying short fragment 

(between 60 and 120 bp). With the same procedure a single primers pair was designed on the basis 



of the human reference sequence in order to detect the insertion of the single G base in the Siglec 

P3 gene. 

2.2 PCR conditions 

5 µl of the extracted DNA (diluted 1:50) were used in PCR reactions with the following profile: 

94°C for 10 min and 50 cycles of denaturation (94°C for 45 sec), annealing (57°C for 1 min), and 

extension step (72°C for 1 min); the 50µl reaction mix contained 2 units of AmpliTaq Gold 

polymerase, 1X reaction buffer (Applied Biosystems), 200 µM of each dNTP, 1.5 mM MgCl2, and 

1 µM of each primer. Primer pairs sequences and amplicons lengths are listed in the table 1. For 

each primer pair three negative controls was introduced in each PCR. Amplification results were 

checked by agarose gel and the amplicons of expected size were excised and purified. 

 

3. 454 sample preparation and pyrosequencing 

Purified amplicons were not fragmented and were processed to obtain the single-stranded template 

DNA (sstDNA) library as in Roche GS FLX library preparation protocol. Quality and quantity of 

sstDNA were checked by Agilent Bioanalyzer (Agilent, Santa Clara, CA, USA) and RiboGreen 

RNA Quantitation Kit (Invitrogen, Carlsbad, CA). SstDNA library was bound onto DNA capture 

bead and amplified by emulsion PCR (emPCR) as reported in Roche GS FLX protocol. Positive 

DNA beads were prepared as in Roche GS FLX protocol, counted (Multisizer 3 Coulter Counter; 

Beckman Coulter, Fullerton, CA, USA) and sequenced by FLX Genome Sequencer (FLX 

Roche/454 LifeSciences). In the obtained reads primers sequences were masked and the resulting 

portion was mapped on the corresponding reference sequence using the Amplicon Variant Analyzer 

application (AVA) by Roche, with default parameters. Finally, starting from the AVA multialignments, 

we generated the consensus sequences with a home-made Python script, which assigns for each 

position the most frequently base. 



 

RESULTS 

1. mtDNA amplification on Neanderthal MLS 3 sample 

All the four different amplifications performed between nucleotide 16230 to 16262 gave positive 

result. Amplicons presented a classical mtDNA Neanderthal motif (16234 T, 16244 A, 16256 A, 

16258 G) with the diagnostic transversion 16256 C/A (see Table 2) as observed in other 

Neanderthal Individuals [4-14]. 

 

2. Siglec genes amplifications 

Each sample, as well as each extraction blanc controls, was amplified a single time with each 

primer pair. Amplification results are listed in the table 3. No band was seen in any PCR negative 

controls checked. The six positive amplicons were sequenced as previous described and the reads 

obtained were mapped on the relative reference sequences. Sequencing summary results are 

reported in the table 4. Final consensus sequences for each of the sequenced amplicon are listed 

below: 

Neanderthal MLS Siglec P3: 

cccatctgaccctcatgtctccacagggccctcgctcaggatgcaagattccggctggagat 

Pan troglodytes Siglec 13_1: 

ggttgcagtgagccaagatcgtgccactgcactccagcctggcgagagattgagactccgtctcaaaagaaaaaaaaaaaactaattgtttg 

caagaatatggacaagtgggagc (*) 

Pan troglodytes Siglec P3: 

cccatctgaccctcatgtctccacaggggccctcgctcaggatgcaagattccggctggagat 

Homo sapiens Siglec 13_2: 

gcagtgagccgagatggtgccactgcactccagcctggcgagagattgagactccgtctcaaaagaaaaaaaaatactaattgtttgcaaga 



atatggacaagtgggagc (*) 

Homo sapiens Siglec P3: 

cccatctgaccctcatgtctccacagggccctcgctcaggatgcaagattccggctggagat 

(*) Consensus sequence was manually corrected for gaps in the omopolymeric stretch reported in 

italics because it is know that 454 sequencing technology is not able to resolve this type of features. 

Detailed sequencing results for each amplicon (i.e. variants and coverage for each position) are 

reported table 5. 

 

DISCUSSION 

Contamination is a serious problem in ancient DNA studies, expecially when human-like samples 

such as Neanderthals are analyzed [15, 16]. Contamination often occurs through direct handling and 

washing, presumably because DNA permeates through dentinal tubules into the pulp cavity (in 

teeth) and the Haversian system (in bone) [17], although possibly not reaching the osteocytes [18, 

19]. In that context, the excavation in itself and the handling of the samples just afterwards appear 

crucially at risk [17, 20]. This new Monti Lessini Neanderthal sample (MLS3) consisted of small 

clavicula fragment that has been not analyzed by classical morphometrical analysis and therefore 

were not handled. Usually, the analysis on nuclear DNA from ancient remains presents limitations 

due to a number of biochemical processes occurring after death. They include the small quantity of 

DNA available and the fragmentation of strands, caused by hydrolysis of the original template 

molecules. However, the MLS specimens recovered at Mezzena Rockshelter, present excellent state 

of preservation. This has been proved by several analysis reported in [2, 3]. To determine the degree 

of modern human contamination in the aliquot of MLS 3 DNA extract, we amplified cloning and 

sequencing the diagnostic fragments of the mtDNA HVR-I between positions 16,230nt to 16,262nt. 

We performed multiple PCRs, and we sequenced several clones from each PCR reaction (for a total 



number of 46 amplicons see table 2). The nucleotides at these site are very unlikely to reflect 

contamination, because they were consistently observed in amplicons also showing mutations 

typical of Neanderthals and not of modern humans; moreover, these substitutions had been 

previously observed in 5 other Neanderthals: Feldhofer 1, Vindija 75, El Sidrón 441, Vindija 80 

(33.16) and in the previous MLS individuals (MLS1)( see table 1). Low proportion of modern 

human mtDNA contaminants is a basic pre-requisite for nuclear loci investigation in Neanderthal or 

other hominid samples [21, 22, 23]. In this light the Neanderthal sample analysed here is a good 

candidate for nuclear DNA amplification due to the fact that we only retrieved Neanderthal-type 

mtDNA sequences. For this reason we are confident that the results obtained on the SiglecP3 locus 

are endogenous even if we cannot exclude the possibility of a sporadic contamination due to the fact 

that at this sequence is identical to the sequence of the present day people. It is known that 

searching for large insertion in paleontological samples is a difficult task due to ancient DNA 

fragmentation. Our amplification scheme was developed in order to amplify a short fragment at the 

end of a Alu insertion in siglec13 that is different between Pan troglodytes in Homo sapiens as 

confirmed by PCR results on control samples (see table 3 and 4). Unfortunately we were not able to 

obtain sequence results from this locus in our Neandertal sample. An explanation could be found in 

the extreme fragmentation of the sample as observed also in mtDNA loci; in fact we could easily 

retrieve the very short mtDNA and SiglecP3 amplicons (82 and 63bp) but we failed to obtain at the 

same condition the longest Siglec 13 amplicons ( i. e. 110 bp fragment). Even if not informative for 

Siglec 13 characterization, this feature confirms that the Neanderthal sample here analyzed is not 

contaminated with modern human DNA and supports for the authenticity of the SiglecP3 sequence 

results. 
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