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Introduction

The granulocyte-macrophage colony stimulating factor 
(GM-CSF) receptor (hereafter referred to as GMR) is composed 
of a ligand-specific α subunit (hereafter referred to as GMRα) 
and a β subunit (hereafter referred to as GMRβ) that is shared 
with the interleukin (IL)-3 and IL-5 receptors.1-3 GM-CSF binds 
to GMRα with low affinity but to the GMRα/GMRβ complex 
with high affinity and triggers receptor activation.3 Moreover, 
GMR does not harbor any intrinsic kinase activity but associates 
with the tyrosine kinase JAK2, which is required for the trans-
phosphorylation of GMRβ and the initiation of receptor signal-
ing. Although the cytoplasmic domains of both GMRα and 
GMRβ are essential for receptor activation,4,5 the receptor-JAK2 
association appears to be mainly mediated through GMRβ.6-8 A 
recent structural study suggests that the GMR ternary complex 

It is well known that ligand binding to the high-affinity GM-CSF receptor (GMR) activates JAK2. However, how and 
where this event occurs in a cellular environment remains unclear. Here, we demonstrate that clathrin- but not lipid 
raft-mediated endocytosis is crucial for GMR signaling. Knockdown expression of clathrin heavy chain or intersectin 2 
(ItSN2) attenuated GMR-mediated activation of JAK2, whereas inhibiting clathrin-coated pits or plagues to bud off the 
membrane by the dominant-negative mutant of dynamin enhanced such event. Moreover, unlike the wild-type receptor, 
an ItSN2-non-binding mutant of GMR defective in targeting to clathrin-coated pits or plagues [collectively referred to 
as clathrin-coated structures (CCSs) here] failed to activate JAK2 at such locations. Additional experiments demonstrate 
that ligand treatment not only enhanced JAK2/GMR association at CCSs, but also induced a conformational change of 
JAK2 which is required for JAK2 to be activated by CCS-localized CK2. Interestingly, ligand-independent activation of the 
oncogenic mutant of JAK2 (JAK2V617F) also requires the targeting of this mutant to CCSs. But JAK2V617F seems to be 
constitutively in an open conformation for CK2 activation. together, this study reveals a novel functional role of CCSs in 
GMR signaling and the oncogenesis of JAK2V617F.
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(one ligand plus one α and one β subunit) assembles into a 
dodecamer, or higher-order complex, which brings two GMRβ 
dimers into close proximity and provides for the functional 
dimerization and activation of GMR.9

The JAK2 protein has a protein tyrosine kinase domain and 
a pseudokinase domain, which via an intra-molecular interaction 
with the kinase domain, plays a negative role in regulating the 
JAK2 kinase activity.10,11 One essential event for JAK2 to be fully 
activated involves tyrosine phosphorylation within its activation 
loop (Y1007-Y1008), which likely would cause a conformational 
change and remove steric constraints imposed by the nonphos-
phorylated form.12 A Val-to-Phe point mutation at position 617 
of JAK2 (JAK2V617F) was identified in the majority patients 
with neoplastic myeloproliferative disorders.13,14 Distinct hall-
marks of tumor cells with the V617F mutation include cytokine-
independent growth and hyper-responsiveness to many cytokines 
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here is consistent with that measured by the three-dimensional 
stochastic optical reconstruction microscopy.32 Further analysis 
revealed that some surface GMRβ clusters were co-localized with 
CHC (Fig. 1A, clusters indicated by arrows), suggesting that 
there is a functional interaction between GMRβ and the CME 
machinery.

The CME machinery is important for GMR signaling. 
Co-localization of GMRβ with CCPs prompted us to investi-
gate how surface GMRα and GMRβ are internalized in response 
to GM-CSF stimulation and what role endocytosis may play in 
GMR activation. To address this issue, we first performed the 
internalization assay using HeLa cells transiently co-expressing 
human (h) GMRα and GMRβ and antibodies specifically recog-
nizing these two receptor subunits (see Materials and Methods). 
We noticed that GMRβ was constantly internalized from cell 
surface irrespective of the presence or absence of ligands, whereas 
GMRα could only be co-internalized with GMRβ under ligand-
stimulated conditions (Fig. 2A and B). Similar results were 
obtained when the internalization assay was performed with 
fluorochrome-labeled Fab fragments of both GMRα and GMRβ 
antibodies (Fig. S2). Next, we examined whether pretreatment 
of cells with inhibitors of either clathrin- or lipid raft-mediated 
endocytic pathway (MDC and MβCD, respectively, see Fig. 
S3A) would block ligand-stimulated GMR complex endocytot-
sis. Figure 2C shows that the internalization of the GMR com-
plex was partially suppressed with either inhibitor alone and was 
nearly completely blocked when cells were treated simultaneously 
with both MDC and MβCD. Moreover, dynasore, which inhib-
its both clathrin- and lipid raft/caveolae-mediated endocytosis 
(Fig. S3A), behaved like the combination of MDC and mβCD 
in the endocytosis assay shown in Figure 2C. Of note, similar 
inhibition results were observed for the internalization of un-
liganded GMRβ (Fig. S3B), indicating that ligand-independent 
internalization of GMRβ is also mediated by both clathrin- and 
lipid raft-dependent pathways.

We next investigated which endocytosis pathway might be 
more important for transducing receptor-activated signals. To 
this end, a Ba/F3 stable clone expressing human GMRα and 
GMRβ (αβ-Ba/F3 cells, see also Fig. 3B) were pre-treated 
with MDC, mβCD or dynasore prior to GM-CSF stimula-
tion, and cell lysates were analyzed by immunoblotting analy-
sis. As shown in Figure 2D and E, mβCD in general did not 
significantly affect GM-CSF-induced activation of JAK2, AKT, 
STAT5 or ERK [revealed by immunoblotting using anti-pJAK2 
(Y1007/1008), anti-pAKT(S473), anti-pSTAT5(Y694) and anti-
pERK (T202/Y204) antibody, respectively], except at a later time 
it did markedly inhibit AKT activation. In contrast, at most time 
points examined, MDC and dynasore each strongly suppressed 
ligand-induced activation of JAK2 and AKT, while exerting no 
or less inhibitory effect on the activation of STAT5 and ERK. 
Together, these results strongly suggest that interaction between 
the GMR complex and the CME machinery is important for 
GMR signaling.

The WxxxI motif of GMRβ is critical for GMR endocyto-
sis and signaling. We next examined how receptor endocyto-
sis might affect GMR signaling. To address this issue, we first 

including Epo, GM-CSF, IL-3, SCF and IGF1.15-20 Notably, the 
V617F mutation is located within the pseudokinase domain of 
JAK2, suggesting that such mutation may interfere with the 
ability of the pseudokinase domain to negatively regulate JAK2 
kinase activity.10 On the other hand, co-expression of homodi-
meric or one subunit of the heterodimeric cytokine receptors that 
contain the JAK-binding motif greatly promotes JAK2V617F-
mediated autonomous cell growth.21-23 However, how cytokine 
receptor facilitates JAK2V617F activation in a ligand-indepen-
dent manner remains unclear.

Intersectins (ITSNs) are evolutionarily conserved adaptor/
scaffold proteins that have been shown to associate with numer-
ous proteins implicated in cell signaling, cytoskeletal organization 
and endocytosis.24 A recent study further suggested that ITSNs 
play a role in nascent clathrin-coated pit (CCP) assembly.25 On 
the other hand, caseine kinase (CK2) is a highly conserved ser-
ine/threonine kinase with a broad subcellular localization.26,27 
CK2 is also enriched in clathrin-coated vesicles (CCV) and can 
phosphorylate many accessory proteins involved in clathrin-
mediated endocytosis (CME) pathway, including AP2, amphi-
physin and clathrin light chain (CLC).28 Recently, Zheng et al. 
demonstrated that JAK2 activation by oncostatin M, IFNγ and 
growth hormone and auto-activation of JAK2V617F are both 
CK2-dependent.29 However, the fundamental difference of these 
two events is not clear.

It has been well documented that ligand-binding to the 
high-affinity GMR complex activates JAK2.6-8 However, how 
and where this event occurs in a cellular environment remains 
unclear. This study aims to explore this important issue.

Results

Surface GMRβ molecules form ligand-independent nano-scale 
clusters, some of which are colocalized with CCPs. As an initial 
attempt to study how GMR activates JAK2, we employed the 
direct stochastic optical reconstruction microscopy (dSTORM) 
using a total internal reflection configuration30,31 to visual-
ize the GMR complex transiently expressed in HeLa cells (see 
Materials and Methods). This such system, which can deter-
mine the position of a single molecule with an accuracy of 20 
nm in the X-Y axis, revealed that GMRβ in the context of either 
liganded (+GM-CSF) or un-liganded (-GM-CSF) GMR com-
plexes all appeared as a cluster with a diameter of approximately 
200 nm. Each cluster was estimated to contain approximately 
40–50 GMRβ molecules (Fig. 1A–C). Very similar results were 
obtained when GMRβ-paGFP (a GMRβ molecule C-terminally 
tagged with a photo-activatable GFP that can transduce GM-CSF 
signal) expressed in HeLa cells were analyzed by photoactivated 
localization microscopy (PALM) (Fig. S1). Moreover, a similar 
nano-scale cluster of GMRβ was also observed in a human eryth-
roleukemia cell line TF-1 expressing endogenous GMR (Fig. 
1D). Interestingly, in terms of size and the number of molecules 
per cluster, such a distinct GMRβ-containing punta structure 
is very similar to that of CCPs visualized by staining with anti-
clathrin heavy chain (CHC) antibody (Fig. 1A and C). Of note, 
the size of CCPs measured by the dSTORM system described 
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(measured by DNA synthesis, Fig. 3C) and survived (Fig. 3D) 
like parental Ba/F3 cells. However, when they were shifted to 
hGM-CSF-containing medium, these two cell lines behaved 
differently. Whereas αβ-Ba/F3cells grew well, like they were 
in mIL-3 containing medium, αβWI-Ba/F3 cells manifested a 
significant reduction both in DNA synthesis and cell survival 
compared with αβ-Ba/F3 cells (30% vs. 48%, Fig. 3C; 65% vs. 
75%, Fig. 3D). Further analysis of their proliferation response 

mapped the domain of GMRβ that 
was important for this process. Our 
initial mapping studies using HeLa 
cells transiently expressing various 
receptor mutants indicated that the 
Box I domain (residues 474 to 482) was 
critical for the internalization process, 
as deletion of this domain markedly 
attenuated the internalization abil-
ity of the receptor (12.4%; Fig. 3A; 
Fig. S4A). Of note, the Box I motif 
of GMRβ is highly conserved among 
many mammalian species with a con-
sensus sequence of WxEKIPNPS. We 
were particularly interested in the role 
of the four hydrophobic amino acid res-
idues within this region, namely W474, 
I478, P479 and P481. Further muta-
genesis analysis showed that whereas 
double mutation of both P479 and 
P481 residues to alanine (βPP/AA) did 
not exert any significant effect, double 
mutation of both W474 and I478 resi-
dues to alanine (βWI/AA) resulted in 
a profound loss of the internalization 
ability of the liganded GMRβ subunit 
(~20%). The impact of the WI to AA 
mutation on GMR endocytosis was 
further investigated in a murine IL-3-
dependent Ba/F3 pro-B cell line sys-
tem. For this experiment, two Ba/F3 
derivatives stably co-expressing human 
GMRα with either wt- (αβ-Ba/F3) or 
the WI/AA mutant of human GMRβ 
(αβWI-Ba/F3) to comparable lev-
els were analyzed (Fig. 3B, panel i). 
As shown in panel ii of Figure 3B, 
wt-GMRβ internalized rapidly from 
cell surface, and approximately 60% 
were endocytosed within 30 min in 
the absence of GM-CSF, but were fur-
ther enhanced to approximately 75% 
in the presence of this ligand. Under 
the same conditions, endocytosis of 
the WI/AA mutant in αβWI-Ba/F3 
cells was drastically reduced, with only 
~20% irrespective of the presence or 
absence of ligand. Consistent with this 
result, confocal and flow cytometric analyses both revealed that, 
during steady-state, a relatively larger fraction of the WI/AA 
mutant was localized to the plasma membrane compared with 
wt GMRβ (Fig. 3B, panels iii and iv).

We next examined whether the WI/AA mutation would 
affect the growth of αβWI-Ba/F3 cells in response to GM-CSF 
stimulation. When cultured in medium containing murine 
IL-3 (mIL-3), both αβ- and αβWI-Ba/F3 cells proliferated 

Figure 1. Surface GMRβ molecules form ligand-independent nano-scale clusters, some of which are 
colocalized with CCps. (A) tIRF and dStORM images of HeLa cells transiently co-expressing GMRα-
CFp (not shown) and GMRβ (red, labeled by antibody, see Materials and Methods) in medium con-
taining or not containing GM-CSF (± GM). endogenous CHC was stained by specific antibody (green). 
(B) the size of a GMRβ cluster shown in (A) was calculated by the pair distance analysis (see Materials 
and Methods). Shown here are two representative histograms of distances of GMRβ pairs within 
a GMRβ cluster. (C) estimated cluster size and number of GMRβ or CHC molecules in each cluster 
shown in (A). Data are presented as mean ± SD, n = 100. (D) Images of endogenous surface GMRβ in 
tF1 cells taken by tIRF, epifluorescence (epi), or differential interference contrast (DIC) microscopy.
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Figure 2. Inhibition of clathrin-mediated endocytosis attenuates GMR signaling. (A) A schematic diagram for the GMR internalization assay. α rAb and 
β mAb stand for the rabbit and mouse antibodies recognizing GMRα and GMRβ, respectively; Anti-rAb and anti-mAb stand for Alexa flour® 488- and 
Alexa flour® 555-conjugated secondary antibodies recognizing α rAb and β mAb, respectively. (B) HeLa cells transiently co-expressing GMRα (green) 
and GMRβ (red) were shifted to 37°C in medium containing or not containing GM-CSF (± GM) for 0–30 min and processed as outlined in (A), followed 
by image analysis using confocal microscope. (C) Liganded receptor endocytosis was allowed to proceed in HeLa cells transiently expressing GMRα 
and GMRβ in the presence of the indicated inhibitors. (D) Activation of JAK2, AKt, StAt5 and eRK in αβ-Ba/F3 cells pre-treated with MDC (300 μM) 
mβCD (5mM) or dynasore (80 μM) for 30 min prior to re-stimulation with hGM-CSF for the indicated time was analyzed by immunoblotting. Shown 
here is one representative result. (e) shows the average activation extent (phosphorylation) of each indicated protein (mean ± SeM) from three inde-
pendent experiments. Only the p values of those treatment groups that are statistically significantly different from the control group at the same time 
point are as indicated (one way ANOVA, tukey’s post test).
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whether the WI/AA mutation would impair GMR-mediated sig-
naling. The results showed that, compared with control αβ-Ba/
F3 cells, following GM-CSF stimulation, a profound suppression 
of JAK2 and Akt phosphorylation (~80–90%) and a marginal 
to moderate reduction in the phosphorylation of both ERK and 
STAT5 were observed in αβWI- Ba/F3 cells (Fig. 3F, lanes 2–4 

in various doses of hGM-CSF (normalized to mIL-3-mediated 
proliferation) revealed that αβWI-Ba/F3 cells proliferated in 
hGM-CSF with an ED

50
 of 1 ng/ml, compared with 0.02 ng/

ml observed for αβ-Ba/F3 cells. The maximum proliferation 
response of αβWI-Ba/F3 cells in hGM-CSF could only reach to 
~60% of that of αβ-Ba/F3 cells (Fig. 3E). Next, we examined 

Figure 3. For figure legend, see page 3616.
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bacterially produced recombinant proteins indicated that GMRβ 
directly interacted with ITSN2, and such interaction was mainly 
mediated through a domain in GMRβ that contains the WxxxI 
motif and the SH3 domain of ITSN2 (Fig. 4D).

Intersectins are essential scaffold proteins in clathrin-medi-
ated endocytosis (Fig. 4E). Reduced association between GMRβ 
and intersectins may result in reduced recruitment of the GMR 
complex to CCPs or the so-called clathrin-coated plaques,33 
which subsequently results in reduced endocytosis. Since CCPs 
or clathrin-coated plaques can’t be distinguished in our experi-
mental systems (see below), unless otherwise indicated, a more 
generalized term “clathrin-coated structures (CCSs)” will be 
used hereafter to refer to either one or both of these two struc-
tures. We next examined whether recruitment of the GMR com-
plex to CCSs or CCVs was critical for receptor signaling, which 
was compromised in αβWI-Ba/F3 cells. To address this issue, 
we first tested whether knocking down the expression of ITSN2 
or CHC in αβ-Ba/F3 cells would affect GMRβ internalization 
and GM-CSF signaling. Consistent with the WI/AA mutant 
phenotype, knockdown of ITSN2 (Fig. S5A) or CHC expres-
sion (Fig. 4G, lanes 5 to 8) resulted in a significant reduction 
of GMRβ endocytosis (Fig. S5B and C) and phosphorylation 
of JAK2 and Akt, compared with control cells (Fig. 4F and G). 
We next examined the effect of the dominant-negative mutant of 
dynamin (K44A), which was shown to block CCV formation but 
leave the structure and function of CCSs intact.34 The dominant-
negative dynamin (K44A) indeed blocked GMRβ endocytosis 
(Fig. S5D and E). However, intriguingly, it did not interfere with 
receptor signaling. In fact, to the contrary, it enhanced the latter 
event as revealed by increased phosphorylation of both JAK2 and 
Akt upon GM-CSF stimulation, compared with cells expressing 
wt dynamin (Fig. 4H).

To further confirm that the majority, if not all, of receptor-
activated signaling events initiate when the liganded receptor still 
resides on the plasma membrane, we performed the sequential 
immunoprecipitation experiment as outlined in Figure 5A. In 
this experiment, the GMRβ complexes residing on cell surface or 
being internalized into the intracellular location were separated by 
two sequential immunoprecipitation steps using GMRβ-specific 
antibody. These two groups of immune complexes were then 
analyzed by immunoblotting to compare the binding affinity 

vs. 6–8; Fig. S4B). Similar effects were also observed in HeLa 
cells transiently co-expressing GMRα with wt or the WI/AA 
mutant of GMRβ (Fig. S4C). Moreover, we observed that, 
although ligand stimulation induced similar amounts of GMRα 
binding to wt or mutant GMRβ, ligand-induced association of 
JAK2 and a scaffold protein Shc with GMRβ was only markedly 
enhanced in αβ- but not in αβWI-Ba/F3 cells (Fig. 3G, lane 
6 vs. lane 8), which correlated well with the extent of tyrosine 
phosphorylation of both GMRβ and JAK2 in these two cell lines 
(compare lanes 6 and 8). Taken together, these results reveal that 
the WxxxI motif of GMRβ plays a critical role in GMR endocy-
tosis and signaling.

Targeting of the GMR complex to the clathrin-coated struc-
tures at the plasma membrane via interaction with intersectin 
2 is critical for receptor signaling. We next examined how the 
WI/AA mutation might impair the interaction between GMRβ 
and the CME machinery. To address this issue, we first compared 
components in the clathrin-containing complex that may differ-
entially interact with wt- and the WI/AA mutant of GMRβ by a 
pull-down assay using mouse brain lysates that were enriched for 
the endocytic complex components.25 Immunoblotting analysis 
of pull-down lysates indicated that the Box I+II domain of the 
WI/AA mutant manifested a markedly reduced ability to pull-
down intersectin1 (ITSN1, the predominant isoform of intersec-
tins in brain), while retaining a similar ability as that of the wt 
protein to pull-down CHC (Fig. 4A, compare lanes 3 and 4). Of 
note, similar amounts of JAK2 could be pulled down by these 
two types of recombinant molecules.

Next, we performed the immuno-colocalization experiment 
to examine whether intersectin 2 (ITSN2), the predominant 
isoform of intersectins present in the hematopoietic cell sys-
tem used in this study, would also manifest a similar property 
as ITSN1 mentioned above. To address this issue, HeLa cells 
were transiently co-transfected with vectors expressing GFP-
ITSN2, GMRα-CFP and GMRβ. Those GMRβ molecules 
(wt or mutant) residing on the cell surface and co-localized with 
GFP-ITSN2 were visualized by TIRF microscopy and quantified 
by the MetaMorph software. As shown in Figure 4B and C, a 
significantly reduced fraction of the WI/AA mutant was found 
to be co-localized with ITSN2 on cell surface compared with 
the wt protein (~2-fold less). Further pull-down analysis using 

Figure 3 (See previous page). the WxxxI motif within the Box I region of GMRβ is critical for receptor endocytosis and GM-CSF signaling. (A) Sche-
matic representation of wt and various mutants of GMRβ used in this study. the internalization ability of these molecules was determined using the 
HeLa cell system at the 30 min time point in medium containing GM-CSF. the results are shown as mean ± SeM (n = 50). Box I (I; a.a. 474–482) and Box 
II (II; a.a. 534–544) regions are as indicated. (B) (i) Immunoblotting analysis of the total protein expression levels of GMRα, wt or the WI/AA mutant of 
GMRβ in parental Ba/F3 cells, Ba/F3 cells stably overexpressing GMRα (BaFα), αβ- or αβWI-Ba/F3 cells. (ii) the internalization kinetics of wt or the WI/
AA mutant of GMRβ in αβ- or αβWI-Ba/F3 cells was analyzed in medium containing or not containing GM-CSF. Data are presented as mean ± SeM (n = 
3); *p < 0.05. (iii) Confocal analysis of the subcellular distribution of wt or the WI/AA mutant of GMRβ in fixed αβ- or αβWI-Ba/F3 cells. (iv) Cell surface 
expression levels of wt or the WI/AA mutant of GMRβ in αβ- or αβWI-Ba/F3 cells were analyzed by flow cytometry (MFI, mean fluorescence intensity). 
(C and D) the proliferation and viability responses of parental Ba/F3, αβ- and αβWI-Ba/F3 cells cultured in medium containing 2 ng/ml of murine 
IL-3 (mIL-3) or human GM-CSF (hGM) for 24 h were determined by the BrdU incorporation assay (C) and Annexin V/pI staining (D), respectively. Data 
are presented as mean ± SeM (n = 3); ***p < 0.001. (e) the proliferation response of αβ- and αβWI-Ba/F3 cells cultured in medium containing various 
concentrations of hGM-CSF was determined using the cell proliferation reagent WSt-1 (Roche). Data presented (mean ± SeM, n = 6; ***p < 0.001) are 
normalized to mIL-3-mediated proliferation. (F) Lysates from αβ- and αβWI- Ba/F3 cells that were left untreated (-) or stimulated with hGM-CSF for 
various time points were analyzed by immunoblotting using antibodies specific to each indicated molecule. (G) Cytokine-deprived αβ- and αβWI-Ba/
F3 cells were re-stimulated with GM-CSF for 10 min and their cell lysates were immunoprecipitated with control or GMRβ-specific antibody. the im-
mune complexes along with the input lysates (1/200) were analyzed by immunoblotting using antibody as indicated. pY, phospho-tyrosine.
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Figure 4. GMRβ interaction with ItSN is required for ligand-dependent activation of JAK2 at CCSs. (A) His-tagged recombinant proteins containing the 
Box I and II region from wt or the WI/AA mutant of GMRβ were incubated with mouse brain lysates. the interacting proteins pulled-down by the nickel 
beads along with 1/200 of the input lysates were analyzed by immunoblot using antibody specific to ItSN1, CHC, JAK2 or His-tag as indicated. (B) HeLa 
cells transiently co-expressing GMRα-CFp (not shown), ItSN2-eGFp (green) and wt or the WI/AA mutant of GMRβ were stained with mouse anti-GMRβ 
antibody and then with Alexa Flour® 633-conjugated anti-mouse secondary antibodies (red) before analyzed by tIRF microscopy. the percentage 
of co-localization of wt or mutant GMRβ (red) with ItSN2 (green) at cell surface shown in (B) was analyzed by MetaMorph software and presented as 
mean ± SeM (n = 10, ***p < 0.001) (C). (D) Recombinant GSt-fusion proteins containing various subdomains of ItSN2 as indicated were used to pull-
down His-tagged recombinant proteins containing the Box I and II regions of wt or the WI/AA mutant of GMRβ. Recombinant proteins pulled-down 
by the glutathione beads along with the input were analyzed by immunoblot using antibody specific to the His-tag or the GSt-moiety. (e) A simplified 
scheme showing where ItSN2 siRNA, CHC siRNA, and the K44A mutant of dynamin may interfere with the clathrin-mediated endocytosis pathway. (F) 
Cell lysates from αβ- or αβWI-Ba/F3 cells treated with control siRNA (lanes 1–8) or ItSN2-specific siRNA (lanes 9–12), followed by GM-CSF deprivation 
and re-stimulation for 0–60 min were analyzed by immunoblotting using antibody specific to each indicated molecule. *, pJAK2 signals on a longer 
exposed film. (G) Same as in (F) except that αβ-Ba/F3 cells treated with control (lanes 1–4) or CHC-specific siRNA (lanes 5–8) were analyzed. (H) αβ-Ba/
F3 cells transiently expressing wt or the K44A mutant of dynamin I were sorted out by flow cytometry and deprived of cytokine for 2 h prior to being 
stimulated with GM-CSF for 10 or 30 min. Cell lysates were analyzed by immunoblotting using antibodies recognizing the indicated molecule.
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JAK2 and WI/JAK2) lost viability quickly and failed to pro-
liferate. Consistent with the proliferation results, immunoblot 
analysis revealed that, upon deprivation of GM-CSF, only αβ/
V617F cells but not WI/V617F or other control cell lines exam-
ined in Figure 6B manifested a detectable activation of JAK2 
(lane 9 vs. lanes 4–8 and 10). Of note, although activation of 
AKT was hardly detectable in αβ/V617F cells that had been 
deprived of GM-CSF for 8 h (lane 9), activation of this protein 
could be clearly observed in a separate experiment, where αβ/
V617F cells had been cultured in cytokine-free medium for 8 
d (Fig. 6B, lane 11). Given that the WI/AA mutation impaired 
GMRβ to be recruited to CCSs (Fig. 4) and that JAK2V617F 
was not activated in cytokine-deprived WI/V617F cells, we 
reasoned that cytokine-independent activation of JAK2V617F 
would be dependent on its co-recruitment with the GMR com-
plex to CCSs. To test this possibility, the expression of ITSN2 or 
clathrin was knocked down in αβ/V617F cells by specific siRNA 
(Fig. 6C and D), and the growth of these cells along with two 
other reference cells (αβ/JAK2 and WI/V617F) in cytokine-free 
medium was analyzed. As shown in Figure 6E, both siRNA 
treatments increased the numbers of GMRβ to be retained on 
the cell surface. Importantly, proliferation of αβ/V617F cells was 
significantly suppressed after 3 d treatment with either ITSN2 
or CHC siRNA (Fig. 6F, day 3), consistent with the notion that 
co-recruitment of JAK2V617F with the GMR complex to CCSs 
plays a role in the autonomous activation of JAK2V617F in cyto-
kine-free medium.

CCSs serve as platforms for CK2 to activate GMR-
associated wt or oncogenic JAK2. CK2 (Casein kinase 2) is 

(i.e., extent of protein association) and the degree of activation 
(i.e., tyrosine phosphorylation levels) of JAK2 that was associated 
with the receptor. As shown in Figure 5B, GM-CSF induced a 
marked increase in the tyrosine phosphorylation of GMRβ, and 
the majority of such events occurred at the cell surface instead 
of at an intracellular location (compare lanes 5–6 to 8–9; see 
Fig. 5C for quantification). A similar trend was also observed for 
JAK2; i.e., in response to cytokine stimulation, majority of the 
JAK2/GMRβ association and JAK2 activation (tyrosine-phos-
phorylation) was found to take place at cell surface (Fig. 5B and 
C). Taken together, these results together with those shown in 
Figure 4 suggest that liganded GMR complex begins to activate 
its downstream signaling event when it is localized to CCSs at 
plasma membrane before it is fully internalized.

Targeting of GMR to CCSs is also essential for the auton-
omous activation of oncogenic JAK2V617F. Autonomous 
activation of JAK2V617F requires the co-expression of either 
homodimeric or heterodimeric cytokine receptors, including 
GMRβ.21,22,35 Given that localization of the GMR complex to 
CCSs is an essential step for GM-CSF-induced activation of 
JAK2, we examined the possibility that the WI/AA mutation of 
GMRβ may affect the ability of the receptor to support the auto-
activation feature of JAK2V617F. To address this issue, αβ- and 
αβWI-Ba/F3 cells stably overexpressing wt or the V617F mutant 
of JAK2 were established and designated as αβ/JAK2, WI/
JAK2, αβ/V617F and WI/V617F cells, respectively. As shown 
in Figure 6A, upon removal of GM-CSF, only αβ/V617F cells 
were able to proliferate with a doubling time of approximately 
24 h, while WI/V617F and two other control stable lines (αβ/

Figure 5. Activation of GMRβ/JAK2 initiates at the plasma membrane. (A) A schematic diagram showing sequential immunoprecipitation of GMRβ 
residing on cell surface or an intracellular location. (B) HeLa cells transiently co-expressing GMRα and GMRβ were left untreated (-) or stimulated with 
GM-CSF for 5 or 10 min and then underwent sequential immunoprecipitation of GMRβ as outlined in (A). Immune complexes along with 1/200 input 
lysates were analyzed by immunoblotting using specific antibodies as indicated. (C) the extent of tyrosine-phosphorylation of GMRβ (pY-β) or of JAK2 
that was associated with GMRβ (JAK2) or activated (pJAK2/JAK2) shown in panel B (lanes 4–9) plus very similar results from two other independent 
experiments was quantified and plotted as that described in the Materials and Methods.
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~23% of JAK2 was co-localized with GMRβ at CCSs, and such 
association was increased to ~39% upon ligand stimulation (Fig. 
7B). In contrast, irrespective of the presence or absence of ligand, 
only ~18% of JAK2 was co-localized with the WI/AA mutant of 
GMRβ at CCSs (Fig. 7B). Further analysis showed that colocal-
ization of JAK2 with GMRβ (wt or mutant) and CK2α-GFP 
at plasma membrane (Fig. 8A) followed a similar pattern as that 
observed for JAK2/GMRβ association at CCSs (Fig. 7B), and 
that only JAK2 co-localized with wt but not the WI/AA mutant 
of GMRβ at CCSs was significantly activated (phosphorylated) 
upon ligand stimulation (Fig. 8B). We next examined whether 
GM-CSF-induced activation of JAK2 is dependent on the CK2 
activity. The results shown in Figure 9A indicate that this is 
indeed the case, since pre-treatment of αβ-Ba/F3 cells with the 
CK2 inhibitor, TBB, significantly attenuated GM-CSF-induced 
phosphorylation of JAK2 at tyrosine residues 1007 and 1008. Of 
note, ligand-independent activation of JAK2V617F in αβ/V617F 
cells or in a JAK2V617F-expressing human erythroid leukemia 
cell line, HEL, was also inhibited by treatment of cells with TBB 
(Fig. 9B). Together, these results indicate that ligand-dependent 
activation of wt JAK2 and ligand-independent activation of 
JAK2V617F both require CCS-localized CK2.

one major protein kinase located in clathrin-coated vesicles36 and 
has been recently shown to play an important role in oncostatin 
M-induced activation of JAK2.29 We next examined the pos-
sibility that CK2 is also localized to CCSs’ where it can acti-
vate GMR complex-bound JAK2. To examine this possibility, 
we first analyzed HeLa cells co-expressing GMRα-CFP and 
GMRβ (wt or mutant) together with CK2α-GFP and CLC-
RFP (marked for CCSs) by TIRF microscopy. The results shown 
in Figure 7A revealed that, with or without ligand stimulation, 
~45% CCSs contained CK2α-GFP. Ligand treatment also did 
not significantly alter the fraction of CCSs containing GMRβ 
(both ~58%). Further analysis showed that, irrespective of the 
presence or absence of ligand, ~32% of wt GMRβ was colocal-
ized with CK2α-GFP at CCSs, whereas only ~15% of the WI/
AA mutant was colocalized with CK2α-GFP at this location. 
Notably, the distinct puncta structure of CK2α-GFP, but not 
GMRβ, was disrupted in cells treated with siRNA specific to 
essential components of CCSs, such as ITSN2 or CHC. Next, 
we examined whether JAK2 could also be co-recruited with 
GMRβ to CCSs, since JAK2 was pre-associated with unliganded 
GMRβ, and such association was greatly enhanced upon ligand 
stimulation (Fig. 3G). TIRF microscopy analysis revealed that 

Figure 6. Autoactivation of JAK2V617F is dependent on the recruitment of GMRβ to CCSs. (A) Growth curves of αβ/JAK2, WI/JAK2, αβ/V617F and WI/
V617F cells in medium containing no survival cytokines. Cells to be analyzed were initially cultured in medium containing mIL-3 and then shifted to 
cytokine-free medium. At various times after cytokine removal, the viability of these cells was determined by trypan-blue staining. (B) Immunoblot-
ting analysis of cell lysates prepared from each indicated cell line after removal of cytokines for 8 h (lanes 4–10) or 8 d (lane 11). Cell lysates from αβ- 
Ba/F3 cells stimulated with GM-CSF for 10 min (lanes 1–3) were included as positive controls for the immunoblotting analysis. (C-e) the ItSN2 mRNA, 
CHC protein levels or cell surface levels of GMRβ in control, ItSN2 and CHC knockdown αβ/V617F cells were determined by Rt-pCR (C), immunoblot-
ting (D) or flow cytometry (e), respectively. (F) Control, ItSN2- or CHC-knockdown αβ/V617F cells along with two other reference cells (αβ/JAK2 and WI/
V617F) were seeded in cytokine-free medium. At 0–3 d after seeding, total viable cell number of these cells was determined by trypan blue staining. 
Data shown in (A, e and F) are mean ± SeM (n = 3). ***, p < 0.001; *, p < 0.05.
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immunoprecipitated from cells with or 
without ligand stimulation. As shown in 
Figure 9C, JAK2 from ligand-stimulated 
αβ-Ba/F3 cells consistently manifested a 
lower sensitivity to proteinase K compared 
with JAK2 from ligand-starved αβ-Ba/
F3 cells, suggesting that JAK2 from these 
two sources indeed manifests distinct 
conformations. Intriguingly, JAK2V617F 
immunoprecipitated from γ2A cells sta-
bly expressing the V617F mutant (γ2A/
JAK2V617F) also consistently mani-
fested lower sensitivity to proteinase K 
than wt JAK2 immunoprecipitated from 
γ2A cells stably expressing the wt pro-
tein (γ2A/JAK2) (Fig. 9D), suggesting 
that JAK2V617F in the γ2A/JAK2V617F 
cells may adopt a conformation mimick-
ing that of the wt protein in ligand stimu-
lated αβ-Ba/F3 cells. Next, we examined 
whether ligand treatment would indeed 
switch CCS-localized JAK2 into a confor-
mation that is more accessible to CK2 for 
activation. We thus performed an in vitro 
JAK2 activation assay using recombinant 
CK2 and JAK2 immunoprecipitated from 
αβ- or αβWI-Ba/F3 cells with or with-
out prior ligand treatment. As shown in 
Figure 9E, none of the JAK2 immuno-
precipitated from ligand-deprived αβ-Ba/
F3 or from cells (αβWI-Ba/F3) whose 
JAK2 failed to be recruited to CCSs could 
be detected on the immunoblot by an 
active form specific antibody [anti-pJAK2 
(Y1007/1008)] (lanes 1, 5 and 6). Further 
CK2 treatment still could not activate 
JAK2 from these three groups (lanes 3, 
7 and 8). In contrast, a small fraction of 
JAK2 immunoprecipitated from ligand-
stimulated αβ-Ba/F3 cells was already 
activated (lane 2) (likely due to the 
effect of endogenous CK2). Subsequent 
CK2 treatment further increased the 
active-form population (compare lanes 2 
and 4), suggesting that ligand treat-
ment indeed “transforms” CCS-localized 
JAK2 into a CK2-accessible conforma-
tion. We next performed a similar assay 

using wt or mutant JAK2 prepared from γ2A /JAK2 or γ2A/
JAK2V617F cells. Consistent with the result shown in Figure 
9D, JAK2V617F but not the wt protein manifested a feature 
that was very similar to JAK2 immunoprecipitated from ligand-
stimulated αβ-Ba/F3 cells; i.e., a low fraction of JAK2V617F 
was already in an active configuration (Fig. 9F, lane 2) and sub-
sequent CK2 treatment further increased the percentage of such 
population (Fig. 9F, lane 4 vs. lane 2).

Ligand-induced conformational change is required for wt 
but not oncogenic JAK2 to be activated by CK2. Next, we 
explored why CK2-mediated activation of wt JAK2 is ligand-
dependent. One possible scenario is that, to become accessible 
to CCS-localized CK2, wt JAK2 needs to undergo a ligand-
dependent conformational change at CCSs. To examine this 
possibility, we performed a limited proteinase K digestion 
analysis to compare the proteinase K sensitivity of wt JAK2 

Figure 7. the WI/AA mutation reduces the colocalization of GMRβ/CK2 or of JAK2/GMRβ at 
CCSs. (A) tIRF images of HeLa cells transiently co-expressing GMRα-CFp (not shown), CK2α-GFp 
(green), CLC-RFp (red) and wt (β, top panel) or the WI/AA mutant (βWI, bottom panel) of GMRβ 
(blue) in ligand free-medium. those images in ligand-containing medium were very similar 
(not shown). the middle three panels are identical to the top panel, except that the transfection 
was done in CHC- or ItSN2-knockdown cells. the percentage of CCSs containing CK2α or GMRβ 
and the percentage of surface GMRβ colocalized with CK2α at CCSs (white color in the “merge” 
panel) are as illustrated. (B) tIRF images of HeLa cells transiently co-expressing GMRα-CFp (not 
shown), CLC-RFp (red) and GMRβ or βWI (blue) either in medium with or without GM-CSF. endog-
enous JAK2 was stained and shown in green. Data shown are mean ± SeM (n = 10). ***, p < 0.001.
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of ligand, upon liganded-GMRα binding to CCS-localized 
GMRβ, those JAK2 that are pre-associated with GMRβ at 
CCSs are switched to an “open” conformation that can respond 
to CK2 activation. On the other hand, except that ligand stimu-
lation is dispensable, both GMR localization to CCSs and the 
CK2 activity are also required for the activation of JAK2V617F 
in GMRβ-expressing cells. It is possible that, in the absence of 
ligand, the V617F mutation has rendered GMRβ-bound mutant 
JAK2 to adopt an “open” conformation mimicking that of wt 
JAK2 situated in the context of a liganded GMR complex and 
can thus respond to CK2 activation autonomously. It’s not clear 
how CK2 can trigger JAK2 activation. One possibility is that 
CK2, via its Ser/Thr or even Tyr kinase activity,47 phosphoryates 
JAK2 at one or multiple sites that are essential for the activa-
tion of the tyrosine kinase activity of JAK2. Such possibility is 

Discussion

Receptors and ligands can be internalized 
from the cell surface by clathrin-depen-
dent or lipid raft-dependent pathways.37 
Lipid rafts and/or caveolae have been 
shown to serve as platforms at plasma 
membrane for dynamic assembly of a 
variety of signaling complexes, includ-
ing toll-like receptors, neurotransmitter 
receptors and immunological receptors 
(reviewed in refs. 38–40). However, 
whether CCSs can also serve as signal-
ing activation platforms remain elusive, 
albeit earlier studies demonstrated that 
clathrin is required for some cytokine 
receptors, such as the IFNα- receptor 
in mammals or the IL-6R-like receptor 
Dome in flies to activate the JAK/STAT 
signals.41,42 In this study, we provide 
several lines of evidence to support that 
CCS is one signaling platform for GMR 
to activate JAK2. It has been reported 
that, unlike the dynamin K44A mutant, 
which only blocks the membrane con-
striction step during CCV formation, 
dynasore blocks an additional step which 
results into the accumulation of the 
U-shaped, half-formed pits.43 The oppos-
ing results from experiments using these 
two dynamin inhibitors (Figs. 2D and 
4H) further suggest that GMR-mediated 
JAK2 activation likely occurs at the stage 
when CCPs or clathrin-coated plagues 
are fully formed but before they are ready 
to bud off the membrane. A number of 
studies showed that receptor clustering, 
ligand/receptor binding and recruit-
ment of different adaptors by receptor 
could modulate the CCP initiation and 
maturation.44-46 Since disruption of the 
CCS assembly by CHC and ITSN2 knockdown did not affect 
GMRβ clustering (Fig. 7A), it would be interesting to deter-
mine whether GMRβ clustering would also affect CCS initia-
tion and/or maturation.

In this study, we also demonstrate that ligand stimulation, 
localization of GMR to CCSs and the CK2 activity are all 
required for JAK2 to be fully activated. Considering the fact that 
majority of CCSs (~45%) are equipped with CK2, and that a 
large fraction of JAK2 (~20%) are already pre-associated with 
GMRβ at CCSs prior to ligand stimulation, we propose a model 
to illustrate how JAK2 may be activated upon ligand binding to 
the GMR complex. In this model (Fig. 10), in the absence of 
ligand, JAK2 that is pre-associated with GMRβ at CCSs can’t 
respond to CK2 activation, likely due to its “locked” conforma-
tion that is not accessible to CK2. In contrast, in the presence 

Figure 8. Only JAK2 associated with wt but not the WI/AA mutant of GMRβ at CCSs are activated 
upon ligand stimulation. (A) tIRF images of HeLa cells co-expressing GMRα-CFp (not shown), 
CK2α-GFp (green) and GMRβ or βWI (blue). endogenous JAK2 was stained and shown in red. (B) 
Same as that shown in Figure 7B, except that activated JAK2 (pJAK2) was stained by anti-pJAK2 
(Y1008). Data shown are mean ± SeM (n = 10). **p < 0.01; ***p < 0.001.
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receptor.48 More experiments are required to address 
these issues.

We noticed that only ~35% of activated JAK2 
was co-localized with GMRβ at CCSs upon ligand 
stimulation. Several possibilities may account for 
this result. First, all JAK2 are initially activated at 
a non-CCS location, but are subsequently partially 
relocated to CCS. Second, GMR-mediated JAK2 
activation occurs at both CCSs and other cellular 
locations. Third, JAK2 can only be activated by 
the GMR complex at CCSs. However, JAK2 acti-
vated at such location is only transiently associated 
with CCSs and is quickly translocated to other cel-
lular locations (the hit and run model). The first 
possibility would predict that neither MDC49 nor 
dynasore43 would exert any inhibitory effect on 
GMR-mediated JAK2 activation, but the experi-
mental results (Fig. 2D and E) did not support such 
prediction. The second possibility is also less likely, 
as the observed inhibitory effect of MDC or dyna-
sore was much more than that as predicted. The 
third possibility (the hit and run model) is likely the 
case and remains to be tested.

Another novel finding here is that, irrespective 
of the presence or absence of ligand, surface GMRβ 
exits as a cluster with a size similar to that of CCPs. 
Given that a large fraction of surface GMRβ (~20–
30%) are co-localized with CCP components and 
such association is critical for receptor signaling, it 
is tempting to speculate that this pucta-like struc-
ture may serve as a platform to gather all required 
components, e.g., ligand-bound GMRα and CK2, 
to activate GMRβ-associated JAK2. Due to the 
technical restraint of the super resolution system 
used in this study, we were unable to precisely 
position the receptor molecules, which precluded 
us from distinguishing various forms of GMRβ, 
such as those in the so-called homodimer, hexamer 
or dodecamer structures.9 Such technical restraint 
may also explain why the cluster size and shape of 
GMRβ is quite similar irrespective of the presence 
or absence of ligand.

In this study, we noticed that ~10% of the WI/
AA mutant of GMRβ (~50% of the wt level) could 
still be localized to CCSs. As yet, such mutant had 
lost nearly all ability to activate JAK2 in response 
to ligand stimulation (Figs. 3F and 9E), albeit its 
basal binding affinity to JAK2 was not changed. 

This result suggests that, other than inhibiting GMRβ-ITSN2 
interaction and receptor endocytosis, the WI/AA mutation may 
also affect the accessibility of JAK2 to CCS-localized CK2 upon 
ligand stimulation. More experiments would be required to 
address this possibility. On the other hand, earlier studies dem-
onstrated that mutation of the tryptophan residue in the Box 1 
region of the erythropoietin receptor, i.e., the W258A mutation50 
or in the gp130 subunit of the IL-6 receptor, i.e., the W652A 

supported by one recent finding showing that CK2 forms a com-
plex with JAK2 in vivo and can directly phosphorylate JAK2 in 
vitro, albeit the phosphorylation sites remain unclear.29 On the 
other hand, we also noticed that JAK2V617F in γ2A/V617F cells 
that did not contain GMRβ was already in a conformation that 
could respond to CK2 activation (Fig. 9F). One likely explana-
tion is that in this cell system JAK2V617F can be co-recruited 
to CCSs via other cytokine receptor(s), such as the interferon-γ 

Figure 9. Ligand-induced conformational change is required for wt but not oncogenic 
JAK2 to be activated by CK2. (A) Cell lysates from αβ-Ba/F3 cells treated with DMSO 
(lanes 1–4) or 60μM of tBB (lanes 5–8) prior to GM-CSF deprivation and re-stimulation 
(0–60 min) were analyzed by immunoblotting using antibodies specific to active-
form or total JAK2 proteins. (B) αβ/V617F and HeL cells treated with DMSO (lanes 1and 
3) or 60μM of tBB (lanes 2 and 4) were deprived of cytokine for 6 h, and cell lysates 
were analyzed as described in (A). (C) Wt-JAK2 prepared from αβ-Ba/F3 cells with or 
without ligand stimulation were treated with increasing doses of proteinase K and 
then analyzed by immunoblotting using JAK2 antibody. (D) Same as in (C) except 
that wt or mutant JAK2 prepared from γ2A stable clones were analyzed. (e) Wt JAK2 
immunoprecipitated from starved or GM-CSF stimulated αβ- or αβWI-Ba/F3 cells were 
incubated with or without recombinant CK2, before they were analyzed by immunob-
lotting as described in (A). (F) Wt or mutant JAK2 immunoprecipitated from γ2A stable 
clones were analyzed as described in (e). Bottom panels of (C–F) show the quantifica-
tion results (mean ± SeM) from three independent experiments. *, p < 0.05; **p < 0.01; 
***p < 0.001.
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medium as HEL cells but with additional supplement of 10% 
WEHI-3B conditioned medium as a source of IL-3. αβ- or 
αβWI-Ba/F3 cells were maintained in the same medium as that 
used for parental Ba/F3 cells, except that the culture medium 
was supplemented with G418 (200 μg/ml) and hygromycin B 
(200 μg/ml). γ2A/JAK2 and γ2A/JAK2V617F stable clones 
were established by transfecting γ2A cells with MSCV-JAK2-
IRES-GFP or MSCV-JAK2V617F-IRES-GFP vectors, followed 
by sorting out GFP-positive cells by flow cytometry. These cells 
were maintained in DMEM containing 10% FBS.

Antibodies. The following antibodies were used in this 
study: anti-GMRα (C-18; H-120), anti-GMRβ (S-16;1C1), 
anti-pJAK2 (Y1007/1008, SC-21870-R) and anti-STAT5 
(Santa Cruz Biotechnology); anti-JAK2, anti-pJAK2 (Y1008, 
#8082), anti-pSTAT5 (Tyr694), anti-pAKT (Ser473), anti-
AKT, anti-pERK (Thr202/Tyr204) and anti-ERK (Cell 
Signaling Technology); anti-pY (Millipore); anti-clathrin heavy 
chain mouse mAb (Calbiochem); anti-Shc (BD Transduction 
LaboratoriesTM); anti-HA (Roche); anti-His and anti-GST (Yao-
Hong technology, Inc.); anti-mouse ITSN1 (BD Transduction 
LaboratoriesTM); Cy5- (A10524) or Alexa Flour® 633-con-
jugated anti-mouse antibodies F(ab’)

2
 (A21053) and Alexa 

Flour® 488-conjugated anti-rabbit antibodies F(ab’)
2
 (A11070) 

(Invitrogen).
Other reagents. Other reagents used in this study include: 

specific Stealth RNAiTM siRNA against clathrin heavy chain 
[human, 5'-GAG UGC UUU GGA GCU UGU CUG UUU 
A-3' (HSS174637); mouse, siRNA1, 5'-CCA AGU AUG GUU 
AUA UUC ACC UCU A-3' (MSS228221)], siRNA2, 5'-AUU 
AGC UGA CAG CAU GGC UCU GAG G-3' (MSS228223) 
and intersectin-2 [human, siRNA1, 5'-GAC GUU GAU GGU 
GAU GGA CAG CUA A-3' (HSS121345), siRNA2, 5'-UUC 
AAG GGC UAA CUG CUG UGU GUU G-3' (HSS181730); 

mutation,51 impaired cytokine-induced 
JAK activation without affecting the bind-
ing affinity of JAK to their unliganded 
receptors. Although the underlying mecha-
nism for the latter two cases is not clear, it 
is possible that such defects may share some 
features similar to that identified here for 
the WI/AA mutant of GMRβ.

In conclusion, this study reveals a novel 
functional role of CCSs in GM-CSF sig-
naling and the oncogenesis of JAK2V617F. 
Identification of discrete steps of JAK2 
activation may unravel novel targets for 
treating diseases involving abnormal JAK2 
activation.

Materials and Methods

Plasmid DNA. All GMRβ deletion 
mutants were constructed by a PCR-based 
method to create a Pml I site in the 5' end 
and a stop codon (Not I linker) in its 3' 
end. After double digestion with Pml I and 
Not I, the digested PCR product was used to replace the Pml I/ 
Not I insert of pCDNA3-GMRβ. pGMRα-CFP, and pGMRβ-
paGFP are pCDNA3 vector-based expression vectors expressing 
the GMRα-CFP, and GMRβ-photo-activatable GFP fusion 
proteins, respectively. pGMRβ-paGFP was constructed by PCR 
amplifying the coding region for the photo-activatable GFP from 
the pcDNA3.1/Zeo-paGFP vector (kindly provided by Dr. Chin-
Yin Tai, Institute of Molecular Biology, Academia Sinica) and 
inserting the PCR fragment in-frame into the C terminus of the 
GMRβ cDNA cloned in pCDNA3-GMRβ. Bacterial expression 
vectors expressing His-tagged wt-β Box I+II and βWI Box I+II 
or GST-tagged sub-domains of ITSN2 (GST-A to GST-D) were 
all constructed by cloning respective cDNA fragment into the 
BamHI and EcoRI sites of the pGEX-2T vector. MSCV-mJAK2-
IRES-GFP and MSCV-mJAK2 V617F-IRES-GFP plasmids were 
kindly provided by Dr. Ross Levine (Memorial Sloan-Kettering 
Institute). HA-tagged hITSN2L and hITSN2s plasmids were 
kindly provided by Dr. Susana de la Luna (Center for Genomic 
Regulation, University Pompeu Fabra). pEGFP-CK2α was kindly 
provided by Dr. Julio C. Tapia (Cell Transformation Laboratory, 
Program of Cellular and Molecular Biology, ICBM, Faculty of 
Medicine, University of Chile). The hITSN2L-EGFP expression 
vector was derived from the hITSN2L-mCherry expression vec-
tor, which was constructed by ligating the full-length hITSN2L 
cDNA into BglII/BamHI digested Cherry-LacRep (Addgene). 
The constructs expressing CLC-RFP, GFP-wt Dynamin I and 
GFP-K44A Dynamin I fusion proteins were also purchased from 
Addgene.

Cell lines. HeLa cells were maintained in Dulbecco modi-
fied Eagle medium (DMEM) containing 10% fetal bovine 
serum (FBS) (Biological Industaries). HEL cells were cul-
tured in RPMI 1640 medium containing 10% FBS and 55 
μM β-mercaptoethanol. Ba/F3 cells were cultured in the same 

Figure 10. Model for CK2-dependent, receptor-mediated activation of wt and the V617F mutant 
of JAK2 at CCSs. (see text for details).
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observable protein, the pair distance between every two proteins 
was calculated and the histogram of these pair distances with dis-
tance less than 500 nm was plotted. The size of cluster was cal-
culated by measuring the pair distance at which the pair distance 
distribution fell below 10% of its integrated value. Two color 
dSTORM was used to measure the size of GMRβ and CHC 
clusters simultaneously. Based on single molecule localization, it 
is possible to quantify protein number within a unique subcellular 
structure revealed by super-resolution (SR) imaging. To achieve 
this goal, we must avoid repeatedly counting the same protein due 
to the stochastic blinking behavior of the fluorophores. Since the 
size of antibody and the localization accuracy is around 10 nm, 
we treated any localization event with pair-correlation distance 
less than 10 nm to be the signals from the same protein.31 It has 
been demonstrated that, by analyzing the pair-correlation func-
tion of the SR images, individual protein and cluster of proteins 
can be distinguished.52 Here, we employed a similar algorism 
as that reported by Sengupta et al. to analyze the SR images of 
GMRβ and CHC clusters and calculate the number of proteins 
within each cluster. Taking account of the labeling efficiency and 
accidental overlapping of two proteins, the estimated receptor 
numbers reported here served as the lower bound of the receptor 
numbers. By analyzing hundreds of CCPs, the uncertainty in the 
receptor numbers in each coated pit can be minimized.

Sample preparation for TIRF and dSTORM imaging. HeLa 
cells transiently co-expressing GMRα-CFP, GMRβ along with 
other fluorescent proteins (CLC-RFP, ITSN2-EGFP or CK2α-
GFP) as indicated in each figure were pre-cooled at 4°C for 30 
min and then stained with anti-GMRβ mouse monoclonal 
antibody. After 30 min staining at 4°C, cells were washed with 
PBS, fixed with 4% paraformaldehyde and further stained with 
Cy5- or Alexa Flour® 633-conjugated anti-mouse antibody. For 
visualizing endogenous JAK2 (or pJAK2) together with GMRα-
CFP, GMRβ and CLC-RFP (or CK2α-GFP) (Figs. 7 and 8), 
HeLa cells transiently co-expressing these molecules were pro-
cessed essentially as described above except that, after the fixa-
tion step, cells were permeabilized with 0.2% triton-X100 before 
they were further stained with JAK2 (or pJAK2) and appropriate 
fluorochrome-conjugated secondary antibodies. When visualized 
under the TIRF microscope, cells with CFP signals (express-
ing GMRα-CFP) were selected for analysis of the distribution 
of other proteins of interest. For the imaging system shown in 
Figure 1A, HeLa cells transiently co-expressing GMRα-CFP 
and GMRβ were first stained with mouse anti-GMRβ anti-
body, and then fixed, permeabilized and stained with rabbit anti-
CHC antibody. After that, these primary antibody-stained cells 
were probed with Cy5-conjugated anti-mouse and Alexa Flour® 
488-conjugated anti-rabbit secondary antibodies. To acquire 
dSTORM images of these cells, GMRα-CFP-expressing cells 
were first identified using the Leica TIRF microscope (Leica AM 
TIRF MC, Leica), and then based on their XY coordinates on 
the slide, they were further analyzed by the inverted fluorescence 
microscope (IX71, Olympus).

Analysis and quantification of the receptor internalization 
assay. Unless otherwise specified, all receptor internalization 
assays were performed as described below. Cells to be analyzed 

mouse, siRNA1, 5'-GGC AGU UCC UCA GCC UUC AAG 
AUU A-3' (MSS277044)], siRNA2, 5'-GCC AUU GCC UCC 
AGU UGC ACC UAU A-3' (MSS208962) (Invitrogen) (Unless 
otherwise specified, all siRNA treatment experiments men-
tioned in the text for clathrin heavy chain or intersection-2 were 
using the combination of siRNA1 and siRNA2); monodansyl-
cadaverine (MDC), methyl-β-cyclodextrin (MβCD), dynasore 
and 4,5,6,7-tetrabromobenzotriazole (TBB), and Proteinase 
K (all from Sigma). Recombinant CK2 supplemented with 
kinase buffer was purchased from New England BioLabs Inc. 
Recombinant His-tagged wt-β Box I+II and βWI Box I+II 
proteins and GST-tagged proteins containing various ITSN2 
sub-domains (GST-A- to GST-D) were all produced in bacteria 
strain JM109.

Imaging. Total internal reflection fluorescence (TIRF) images 
shown in Figures 1D, 4A, 7 and 8 were taken with a Laser TIRF 3 
microscope (Carl Zeiss) using an α Plan-Apochromat 100×/1.57 
Oil-HI DIC Corr objective at a 150 nm penetration depth in 
MEM Alpha medium (Gibco) at 37°C and acquired by the 
AxioVision software (Carl Zeiss). Super-resolution images shown 
in Figure 1A were acquired using direct STORM (dSTORM) 
scheme essentially as previously described31 with some modifi-
cations. Briefly, the total internal reflection fluorescence image 
stacks were measured via an inverted fluorescence microscope 
(IX71, Olympus) equipped with a dual-view system (DV2, 
Photometrics) and an electron multiplying charge-coupled device 
(EM CCD, iXon DU-897E, Andor) to measure two-color fluo-
rescence images simultaneously. The excitation light source were 
a solid state laser (Changchun New Industries Optoelectronics 
Tech) with a wavelength of 473 nm and a helium-neon laser (Melles 
Griot) with a wavelength of 632.8 nm. The excitation and emis-
sion filter was a multi-band pass filter (FF01–390/482/563/640, 
Semrock). The cut-off of a quad-edge dichroic mirror was at 405, 
488, 561 and 635 nm (Di01-R405/488/561/635, Semrock). The 
emission filters of the dual-view system were band-pass filters at 
525/45 nm and 692/40 nm (FF01–525/45–25, FF01–692/40–25, 
Semrock). The imaging field was magnified using an oil objective 
(Olympus) with a magnification of 100 and an optical lens with 
a magnification of 1.6. The effective pixel size was around 109.2 
nm. Before conducting the super-resolution imaging, a buffer 
containing 100 mM of β-mercaptoethylamine (MEA) was added 
to the sample. The samples were first illuminated with laser at 
full power until most of the dyes were converted to the dark state 
and the blinking of dye molecules could be observed. The fluo-
rescence images were then recorded with an integration time of 
50 ms and an EM gain of 250. Typically 20,000 frames of images 
were recorded for each experiment. The fluorescence image stacks 
were used to determine the location of individual dye using the 
localization algorithm of dSTORM. The super-resolution images 
were reconstructed by plotting the center position of each indi-
vidual molecules and the width was determined by the accuracy 
of localization.

To estimate the receptor number in the super resolution 
images, the localized events with separation distance less than 10 
nm were considered as the signal coming from the same protein 
as previously described.31 Based on the (x, y) coordinate of each 
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Quantification of the activation extent of signaling mole-
cules. The activation (phosphorylation) extent of JAK2, AKT, 
STAT5 and ERK in cells under various treatments was presented 
as a relative ratio of the intensity of the phosphorylation form 
vs. that of total protein of a given molecule. The highest ratio of 
a given molecule at a particular time point following GM-CSF 
re-stimulation in each independent experiment was set as 100.

Statistical analysis. Statistical analysis was performed with 
either Student’s t-tests (for comparison between two groups) 
or one-way analysis of variance (ANOVA) (Tukey’s post tests, 
for comparison among multiple experimental groups) using 
GraphPad Prism 4.0 software.
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were pre-cooled at 4°C for 30 min and then stained with anti-
GMRα and anti-GMRβ antibodies for additional 30 min at 
4°C. To initiate receptor endocytosis, antibody-labeled cells were 
transferred to 37°C. At various time points after receptor endocy-
tosis had started, cells were immediately shifted back to 4°C, fixed 
with 4% paraformaldehyde, permeabilized with 0.2% Triton 
X-100/PBS and further labeled with Alexa flour® 488-conjugated 
anti-rabbit and Alexa flour® 555-conjugated anti-mouse second-
ary antibodies to detect the GMR α and β subunits, respectively. 
The extent of receptor internalization was analyzed by confo-
cal microscopy using LSM 510 META, LSM 710 or LSM780 
laser scanning microscope (Carl Zeiss) and quantified by using 
the MetaMorph software (Molecular Devices). The percentage 
of GMRβ (wt or mutant) that had undergone endocytosis was 
calculated as follows: (intensity of antibody-labeled molecules 
within an intracellular location/ intensity of all labeled recep-
tors) × 100%. Alternatively, the receptor internalization ability 
in suspension cells was measured using flow cytometry. For the 
latter experiment, cells were processed essentially the same as that 
described above except that after shifting back to 4°C to stop 
receptor endocytosis; the remaining amounts of antibody-labeled 
GMRβ that still resided at the cell surface were analyzed by flow 
cytometry. The fluorescent intensity of antibody-labeled GMRβ 
on cells that had never been shifted to 37°C for the internalization 
assay was taken as total amounts of GMRβ at the cell surface.

In vitro JAK2 activation assay using recombinant CK2. 
JAK2 or JAK2V617F proteins were immunoprecipitated from 
cell lysates of γ2A/ JAK2, γ2A/JAK2V617F, cytokine-deprived 
or hGM-CSF (0.5 ng/ml) stimulated αβ-Ba/F3 or αβWI-Ba/
F3 cell lines with anti-JAK2 antibody. The immune complexes 
were subsequently incubated with or without recombinant CK2 
at room temperature for 1 h, followed by immunoblotting analy-
sis using antibody specific to phospho-JAK2 (Y1007/Y1008) and 
total JAK2.
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