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Anaplastic lymphoma kinase (ALK) is a receptor tyro-
sine kinase (RTK) that harbours a tyrosine kinase do-
main in its intracellular region and is expressed in
both central and peripheral nervous systems. RTKs are
activated upon ligand binding and receptor clustering;
however, ALK remains an orphan receptor despite its
pathological significance, especially in malignancy.
Recent biochemical work showed that heparan sulphate
(HS), an unbranched sulphated glycan, acts as a lig-
and for and activates ALK. Here, we show that der-
matan sulphate (DS, chondroitin sulphate B) directly
interacts with the extracellular N-terminal region of
ALK as well as HS. The tetrasaccharide of DS was
required and was sufficient for inducing autophosphory-
lation of ALK at tyrosine 1604, a marker for acti-
vated ALK. Interestingly, longer oligosaccharides
caused enhanced activation of ALK, as was the case
for HS. Our results provide a novel example of gly-
cans as signalling molecules and shed light on the
pathophysiological roles of ALK.
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Anaplastic lymphoma kinase (ALK) is a type I trans-
membrane protein that belongs to receptor tyrosine
kinase (RTK) family, whose intracellular tyrosine kin-
ase activity is enhanced via receptor clustering by spe-
cific ligands (1). The strong bioactivity of ALK was
first discovered when ALK fused to nucleophosmin
(NPM-ALK) was produced by t(2; 5)(p23; q35)
chromosomal translocation in anaplastic large-cell
lymphoma (2, 3). NPM-ALK involves fusion of the
C-terminal oligomeric domain of NPM to the kinase
domain of ALK, resulting in transphosphorylation
and constitutive activation of the tyrosine kinase ac-
tivity of ALK. Other fusion proteins, such as EML4-
ALK and KIF5B-ALK in nonsmall cell lung cancer
(4, 5), SQSTM1-ALK in B cell lymphoma (6) and
STRN-ALK (7) in thyroid carcinoma, have also been
identified as oncogenic drivers. In addition to these fu-
sion proteins, genomic amplification of ALK or the
presence of constitutively active ALK mutants have
been found in neuroblastoma (8–10) and other
tumours. Considering the importance of ALK in ma-
lignancy, crizotinib, a first-generation ALK kinase in-
hibitor, was rapidly developed and approved for
clinical application for ALK-driven cancers (11, 12)
and received a U.S. Food and Drug Administration
Breakthrough Therapy Designation.

ALK is expressed in subsets of developing neurons
during the embryonic and postnatal periods of both
vertebrates and invertebrates (13, 14). In Drosophila,
ALK is expressed in the axons of neurons, and regu-
lates axonal projections using its specific ligand Jelly
Belly (Jeb) (15, 16). ALK also reportedly regulates
presynaptic differentiation in Caenorhabditis elegans
(17). ALK is expressed in the olfactory bulb, thalamus
and hippocampus in mice, where it regulates the pro-
liferation of neural progenitor cells and neurotrans-
mitter biosynthesis (18). In mice, a recent work
reported that ALK was expressed in paraventricular
nuclei in the hypothalamus and regulated thinness
(19); however, ALK knock-out mice were born nor-
mally, appeared fertile and showed only slight behav-
ioural deficits (18). This variety of results illustrates
the difficulties of elucidating the physiological signifi-
cance of ALK, which has arisen from the absence of
established ALK ligands. Although several studies
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have reported that the heparin-binding growth factors
midkine and pleiotrophin (20) are functional ALK
ligands (21, 22), subsequent reports failed to repro-
duce these results (23, 24).
In 2015, Murray et al. reported that heparan sulphate

(HS) and its over-sulphated moiety heparin (HP) are
novel activating ligands for ALK (25). HS is a linear
sugar chain lacking branches that is classified as a glyco-
saminoglycan (GAG), along with chondroitin sulphate
(CS), dermatan sulphate (DS) and keratan sulphate
(KS) (26, 27). GAGs are composed of repeating disac-
charide units with heterogeneous sulphation, which
appears important for controlling clustering of receptors
like RTK. In addition, Murray et al., clearly demon-
strated a length-dependent regulation of ALK by HS,
with an octasaccharide form of HS sufficient for inter-
action with the basic amino acid cluster found in the N-
terminal region (NTR) of ALK, and longer HS forms
inducing the clustering and activation of ALK (25).
In our previous work, we focussed on the GAG recep-

tor protein-tyrosine phosphatase receptor-type sigma
(PTPRr) that regulated axonal regeneration and its in-
hibition (28). PTPRr has two GAG ligands, HS and CS
(29, 30), and has different biological outputs depending
on the bound ligands (31). We demonstrated that CS is a
signalling ligand that activates PTPRr and causes the
eventual dephosphorylation of cortactin and disruption
of autophagy flux (28, 32). Previous findings that HS is
an ALK ligand prompted us to investigate whether other
GAG moieties are also ligands for ALK.

Materials and Methods

Cell culture
An NB-1 human neuroblastoma cell line with an amplified ALK
gene was obtained from the ATCC and maintained in minimum es-
sential medium supplemented with 10% foetal calf serum (FCS)
(Biosera) and penicillin–streptomycin (GIBCO). HEK293T cells were
purchased from the ATCC and cultured with Dulbecco’s modified
Eagle medium containing 10% FCS and penicillin–streptomycin. Cell
lines were checked for mycoplasma contamination before experiments
performed. Plasmid DNA transfections were carried out using
Fugene6 (Promega) following the manufacturer’s protocol.

Reagents
DS (from pig skin), chondroitin (desulphated product of CS-C) and
CS-A (from whale cartilage), -C (from shark cartilage), -D (from
shark cartilage) and -E (from squid cartilage) were purchased from
the Seikagaku Corporation. DS oligosaccharides of defined length
of were purchased from Iduron. These DS oligosaccharides have
unsaturated uronic acid (UA) at the nonreducing end because of
their production by chondroitinase ABC lyase. Biotinylated DS was
obtained from PG research.

Plasmids
The cDNA sequences for human full-length ALK and truncated
ALK lacking the NTR were amplified by polymerase chain reaction
and cloned into pLVSIN-CMV plasmids (TAKARA).

Surface plasmon resonance (SPR)
SPR analysis was carried out using a BIACORE X-100 (GE
Healthcare). The NTR of ALK (Proteintech, Ag21493, 41–366
amino acids encoded by NM_004304) was immobilized onto a CM5
sensor chip (GE Healthcare) by amine-coupling. HBS-EPþ was
used as a running buffer. All CS versions were injected at 20mg/ml
for 2min each. For kinetics analysis, a serial dilution of analytes (0,
1.6, 8, 40, 200 and 1,000nM) was injected with 5min final dissoci-
ation time at a flowrate of 30ll/min without regeneration. The sen-
sor chips were regenerated with 2M NaCl after final analyte

injection. Kinetic parameters were calculated based on a 1:1 binding
fitting model by BIAevalution software (Cytiva). The molecular
weights for all GAGs used in the study were estimated at 10,000.

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis
and Immunoblotting
Cells were briefly rinsed with tris-buffered saline (TBS) and lysed
with TBS containing 1% Triton-X, the Complete protease inhibitor
cocktail (Roche) and the Phostop protein phosphatase inhibitor
cocktail (Roche). After brief centrifugation, the supernatant was
mixed with 4� Laemmli sample buffer (277.8mM, Tris–HCl, pH
6.8, 44.4% glycerol, 4.4% lithium dodecyl sulphate, 0.02%
Bromophenol blue) and heated at 95�C for 3min. Samples were run
on a Supersep 5–20% gradient gel (WAKO) and proteins trans-
ferred to nitrocellulose membranes. Membranes were then blocked
with 5% nonfat dry milk or Phospho-Blocker (CellBiolab) dissolved
in TBS containing 0.1% Tween-20 (TBS-T). The following antibod-
ies were used as the primary antibodies: anti-phospho-ALK
(pY1604) (CST, 3341), anti-ALK (CST, 3333) and anti-b-actin
(Sigma–Aldrich, clone AC-130). All secondary antibodies were con-
jugated to horseradish peroxidase (HRP) and purchased from
Jackson Immunoresearch. Chemiluminescent signals were produced
by reactions with Immobilon Forte Western HRP substrate
(Millipore) and images acquired using an AI 680 image analyzer
(Amersham). The densitometric analysis was carried out on the
band of p220-ALK using ImageJ software.

Immunocytochemistry
NB-1 cells were serum-starved for 18 h then treated with DS at
2.5mM. After 15min, cells were briefly washed with phosphate-
buffered saline and fixed with 4% paraformaldehyde for 15min.
After fixation, cell membranes were permeabilized with 0.2%
Triton-X in PBS for 10min. Anti-phospho ALK (CST, 3341) was
used at 1:200 dilution. The primary antibody allowed to react with
the cells overnight. Cells were then incubated with Alexa 594-conju-
gated anti-rabbit IgG (Invitrogen, A32754) at 1:200 dilution. The
secondary antibody allowed to react with the cells for 1 h. Nuclei
were then stained with DAPI (DOJINDO). The images were
acquired on a BZ-9000 microscope (KEYENCE).

Pull-down of ALK by DS
Full-length ALK and truncated ALK lacking the NTR
(ALKDNTR) were overexpressed in HEK293T cells for 2 days.
Cells were lysed and the lysates clarified by centrifugation.
Supernatants were incubated with 20mg of biotinylated DS (PG re-
search) for 1 h at 4�C then incubated with streptavidin-agarose
beads for 1 h at 4�C. Beads were next washed three times with TBS
containing 1% Triton-X and the proteins were eluted using 2�
Laemmli sample buffer.

Results and Discussion

The basic amino acid cluster on the NTR of ALK has
been reported to interact with HS via an ionic bond
(Fig. 1A). We hypothesized that this region might be
important for interactions with other sulphated glycans
containing negative charges, especially CS. To address
this possibility, SPR analysis was carried out. The NTR
of ALK was immobilized on a carboxymethyl sensor
chip and solutions of CS and DS with different sulpha-
tion patterns (20mg/ml) were injected as analytes. As
shown in Fig. 1B, DS (also known as CS-B) showed sig-
nificant interaction with the NTR of ALK while CS
forms containing other sulphation patterns did not bind
to ALK. The single cycle kinetics for the interaction of
these glycans and ALK again showed significant inter-
action between DS and ALK at 2.922� 10�8M of dis-
sociate constant (KD) (Fig. 1C and D).

To address whether or not DS activates ALK in liv-
ing cells, the human neuroblastoma cell line NB-1 was
used due to the high expression of wild-type ALK
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Fig. 1. DS binds to ALK. (A) The structure of ALK, with the basic amino acid cluster (amino acids 48–69) of the NTR highlighted. MAM:
meprin, A-5 protein, and receptor protein-tyrosine phosphatase mu domain. LDL-a: low-density lipoprotein receptor class A domain. Gly-
rich: glycine rich domain. EGF-like: epidermal growth factor-like domain. TK: tyrosine kinase domain. (B) SPR analysis. The indicated ana-
lyte (20mg/ml) was injected onto a sensor chip containing immobilized ALK (NTR) sensor chip at the arrow to the arrowhead. Flow; 20ml/
min. (C) Kinetics analysis for the interaction between ALK (NTR) and CS or DS. The indicated analyte (0, 1.6, 8, 40, 200 and 1,000 nM)
was continuously injected without regeneration at 30ml/min. (D) The binding parameters were calculated at 1:1 binding fitting model. The
molecular weights of all GAGs were estimated as 10,000.
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protein via genomic amplification in NB-1 cells. Cells
were serum-starved and treated with DS of a particu-
lar length for 15min. As shown in Fig. 2A–D, DS oli-
gosaccharides longer than dp4 induced
autophosphorylation of ALK with 220 kDa of mo-
lecular weight (p220 ALK) at Y1604 in a dose-
dependent manner (Fig. 2F), which produces activate
ALK. Similar results were obtained using DS polysac-
charide from pig skin, although it did not activate
ALK at 5mM (Fig. 2E). Importantly, longer oligosac-
charides induced stronger autophosphorylation of
ALK, suggesting that the longer DS oligosaccharides
tend to enhance clustering of ALK, as is the case for
heparin oligosaccharide (Fig. 2H). Of note, identical

concentrations of DS dp16 and HP dp 20 induced ac-
tivation of ALK at similar levels (Fig. 2I). The
140 kDa form of ALK (p140-ALK) is the truncated
ALK which is produced by an alternative transcrip-
tion initiation, extracellular cleavage or results of al-
ternative splicing. Some of these isoforms were
reported to lack the NTR and some are still yet
uncharacterized (9, 33, 34). In our experiments, the
isoform also seemed to be phosphorylated with some
DS especially at high concentration (Fig. 2B–D). Even
though further study is still needed, we concluded that
the NTR was indeed the major specific binding site
for DS. Immunocytochemical analysis on NB-1 cells
also supported that DS was ligands for ALK (Fig. 3).

Fig. 2. Activation of cellular ALK by DS. (A–E) NB-1 cells were serum-starved for 18 h and stimulated with the increasing concentration of
the specified of DS oligosaccharide (A to D) or DS polysaccharides from natural sources (E) for 15min. Except for DS dp2, DS oligosac-
charides induced autophosphorylation of ALK. (F) The densitometric analysis of A to E. Total and phosphorylated p220-ALK were ana-
lysed. (G) NB-1 cells were stimulated with 2.5mM of DS oligosaccharides for 15min, with longer oligosaccharides inducing stronger
activation of ALK. (H) The densitometric analysis of G. Total and phosphorylated p220-ALK were analysed. (I) NB-1 cells stimulated with
the same concentration of either DS dp16 or HP (heparin) dp20. dp; degree of polymerization.
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Fig. 3. Immunocytochemical analysis of pALK in NB-1. NB-1 cells were stimulated with the same concentration (2.5mM) of either DS oligo-
saccharides or natural DS for 15min. Bar: 20lm.

Fig. 4. The NTR is crucial for binding of DS and DS-mediated activation of ALK. (A) Full-length ALK (FL) but not ALK lacking the N-ter-
minal domain (DNTR) interacted with DS. Both ALK (FL) and ALK (DNTR) were expressed in HEK293T cells. Cell lysates were added to
affinity pull-down columns containing biotinylated DS and streptavidin-agarose. Black arrowheads: the location of ALK (FL), white arrow-
heads: the location of DNTR. (B) HEK293T cells overexpressing ALK (FL) and DNTR were treated with 2.5mM DS dp16 for 15min.
(C) HEK293T cells overexpressing ALK (FL) or DNTR and treated with 2.5mM natural DS at for 15min. (D) A schematic summary of the
results, in which DS molecules larger than DS tetrasaccharides (dp4) appear to induce ALK clustering and activation. The NTR of ALK is
a potent binding site for DS. GalNAc: N-acetylgalactosamine. IdoA: Iduronic acid. DUA: unsaturated uronic acid with C4–C5 double bond.
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To further address the significance of the NTR of
ALK, we expressed full-length ALK and truncated
ALK lacking the NTR (ALKDNTR). Afterward, cel-
lular lysates were mixed with biotin-conjugated DS
and pulled down with streptavidin. As shown in
Fig. 4A, full-length ALK was successfully pulled down
by DS, confirming that DS is a specific ligand for
ALK. In contrast, the truncated ALKDNTR failed to
be affinity-precipitated by DS, supporting the idea that
the NTR on ALK was a binding site for ALK. In add-
ition, DS dp16 and DS from pig skin consistently
could not induce activation of ALKDNTR, while they
activated the full-length ALK (Fig. 4B and C).
As described above, we showed that DS is a specific

ligand for ALK. DS shares an ALK binding site with
HS, and the longer DS oligosaccharides displayed
higher activity than HS (25). As discussed above, while
HS octasaccharides were sufficient for ALK activation,
DS tetrasaccharides with unsaturated UA at the nonre-
ducing end were sufficient for ALK activation
(Fig. 4D). Interestingly, CS did not show any affinity
for ALK. The difference between DS and CS is the
form of UA present, with DS containing iduronic acid
(IdoA) and CS containing glucuronic acid (GlcA).
Remarkably, some portions of HS contain IdoA as their
UA component. Our results therefore suggest that IdoA
may be a key component for recognition by ALK.
DS is displayed on core protein and expressed as a

proteoglycan such as decorin and biglycan. They are
enriched in the skin, blood vessels, bone and nervous
systems (35). For example, in the skin, DS regulates
collagen metabolism and turnover and dermatan sul-
phate 4 sulfotransferase-1, a DS-modifying enzyme, is
reportedly involved in Ehlers–Danlos syndrome, a
hereditary connective tissue disorder characterized by
hyperextensible skin (36). In addition to these matrix
remodelling functions, our current results provide
insights into the role of DS as a signalling molecule
activating ALK.

Conclusion

We have reported that DS is a new ligand of ALK.
DS directly interacted with the NTR of ALK and the
DS tetrasaccharide was sufficient to induce ALK
activation.
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