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SUMMARY

Signaling receptors are internalized and regulated by clathrin-mediated endocytosis (CME). Two 

clathrin light chain isoforms, CLCa and CLCb, are integral components of the endocytic 

machinery whose differential functions remain unknown. We report that CLCb is specifically 

upregulated in non-small-cell lung cancer (NSCLC) cells and is associated with poor patient 

prognosis. Engineered single CLCb-expressing NSCLC cells, as well as “switched” cells that 

predominantly express CLCb, exhibit increased rates of CME and altered clathrin-coated pit 

dynamics. This “adaptive CME” resulted from upregulation of dynamin-1 (Dyn1) and its 

activation through a positive feedback loop involving enhanced epidermal growth factor (EGF)-

dependent Akt/GSK3β phosphorylation. CLCb/Dyn1-dependent adaptive CME selectively altered 

EGF receptor trafficking, enhanced cell migration in vitro, and increased the metastatic efficiency 

of NSCLC cells in vivo. We define molecular mechanisms for adaptive CME in cancer cells and a 

role for the reciprocal crosstalk between signaling and CME in cancer progression.

In Brief

Signaling downstream of receptor tyrosine kinases is regulated by their trafficking. Chen et al. 

show that isoform-specific upregulation of clathrin light chain b and dynamin-1 in cancer cells, 

coupled to reciprocal crosstalk with Akt/ GSK3β signaling, leads to adaptive clathrin-mediated 

endocytosis that alters EGFR trafficking and signaling and increases metastasis.
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INTRODUCTION

Many properties of the aggressive cancer cell (i.e., proliferation, angiogenesis, survival, and 

migration) are driven by altered signaling downstream of receptor tyrosine kinases (RTKs). 

Endocytic trafficking of RTKs can either inhibit or enhance their signaling, typically 

dependent on sorting in endosomal compartments (Barbieri et al., 2016; Di Fiore and von 

Zastrow, 2014; McMahon and Boucrot, 2011). In cancer cells, RTK signaling can be altered 

by changes in endocytic trafficking that either enhance receptor recycling from early 

“signaling” endosomes or inhibit their targeting to degradative lysosomes (Mellman and 

Yarden, 2013; Paul et al., 2015; Sigismund et al., 2012). In addition, oncogenic mutations in 

epidermal growth factor receptor (EGFR) and cMet, which are the predominant oncogenic 

RTKs in non-small-cell lung cancer (NSCLC), prevent their degradation and enhance 

recycling (Joffre et al., 2011; Shtiegman et al., 2007; Tomas et al., 2014).

CME is the major pathway for uptake of RTKs (Barbieri et al., 2016; Di Fiore and von 

Zastrow, 2014; McMahon and Boucrot, 2011). Once thought to be a constitutive process, 

more recent studies have shown that CME can be regulated (Di Fiore and von Zastrow, 

2014; Loerke et al., 2009; Reis et al., 2015). Although there are many reports of altered 

trafficking post CME, whether and how CME itself is altered during cancer cell progression 

has been less studied.

Clathrin, the major coat protein, functions together with numerous endocytic accessory 

proteins to spatially and temporally regulate CME (Merrifield and Kaksonen, 2014; Mettlen 

et al., 2009). Clathrin-coated vesicles (CCVs) with their concentrated cargo/receptors pinch 

off from the plasma membrane by the scission activity of dynamin (Dyn), a guanosine 

triphosphatase that is also involved in early stages of CME (Ferguson and De Camilli, 2012; 

Mettlen et al., 2009; Schmid and Frolov, 2011). Vertebrates express three dynamin isoforms: 

Dyn2 is ubiquitously expressed, whereas Dyn1 and Dyn3 exhibit tissue specific expression 

(Cao et al., 1998; Urrutia et al., 1997). Dyn1, a phosphoprotein previously assumed to be 
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neuron specific (Clayton et al., 2010), is upregulated in a number of cancers (Haferlach et 

al., 2010; Hong et al., 2010) and was recently shown to be activated downstream of Akt/

GSK3β signaling to modulate CME in H1299 NSCLC cells (Reis et al., 2015). Dyn1 

activation in non-neuronal cells regulates CME by increasing the rates of clathrin-coated pit 

(CCP) initiation and altering CCP maturation (Reis et al., 2015). Interestingly, a pathway-

based gene signature analysis showed that altered expression of genes involved in CME 

(e.g., AP2, eps15, DAB2, HIP1, PICALM) strongly correlates with poor prognosis of lung 

adenocarcinoma (Chang et al., 2015). Altered regulation of CME in cancer cells, which we 

refer to as “adaptive” CME, could alter RTK trafficking and signaling to drive cancer 

progression.

Clathrin triskelia are composed of three clathrin heavy chains (CHC) and three clathrin light 

chains (CLC) (Brodsky, 2012; Kirchhausen and Toyoda, 1993), which are reported to be 

randomly distributed among triskelia (Kirchhausen et al., 1983). Vertebrates express two 

CLC isoforms, CLCa and CLCb, with unknown functional differences (Acton and Brodsky, 

1990). The two CLC isoforms share 60% amino acid sequence identity and are expressed in 

different proportions in different cell types (Brodsky, 2012). In addition to their structural 

role in stabilizing clathrin triskelia, CLCs share functions in regulating HSC70, the 

uncoating ATPase, to disassemble clathrin cages (Schmid et al., 1984; Young et al., 2013), 

and interacting with HIP1 to link CCVs to the actin cytoskeleton (Chen and Brodsky, 2005; 

Legendre-Guillemin et al., 2005). A recent study showed that CLCs also modulate a 

gyrating clathrin structure that mediates the rapid recycling of transferrin receptors (TfnRs) 

and β1-integrin (Majeed et al., 2014) from early endosomes. Identifying CLC isoform-

specific functions has been difficult given their apparently random association with triskelia 

(Kirchhausen et al., 1983) and substoichiometry with CHC in non-neuronal cells (Borner et 

al., 2012; Girard et al., 2005). Moreover, small interfering RNA (siRNA)-mediated 

knockdown of CLCb is often compensated by increased expression of CLCa, whereas 

knockdown of CLCa is often accompanied by decreases in CHC expression (Majeed et al., 

2014).

We noted that CLCb, but not CLCa, is preferentially upregulated in NSCLC. Therefore, to 

elucidate functional differences between CLCa and CLCb that might contribute to adaptive 

CME in cancer, we generated single CLC isoform-expressing NSCLC cells, as well as 

H1299 cells with upregulated CLCb expression, and analyzed the effects on CME, EGFR 

trafficking, cell migration, and metastasis. Our studies revealed an isoform-specific role for 

CLCb in adaptive CME, leading to altered EGFR trafficking and signaling in a Dyn1-

dependent manner. Upregulation of CLCb in H1299 cells leads to enhanced metastatic 

activity in a mouse model, supporting a role for CLCb/Dyn1-dependent adaptive CME in 

cancer progression.

RESULTS

CLCb Expression Is Increased in NSCLC

Previous studies have reported that CLCa is the predominant isoform in most tissues, 

whereas CLCb predominates in cells with high secretory activities (Acton and Brodsky, 

1990) and in migratory trophoblasts (Majeed et al., 2014). These data suggest isoform-

Chen et al. Page 3

Dev Cell. Author manuscript; available in PMC 2017 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific roles related to cell physiology. Analysis of the NCI 60 proteome data (http://

129.187.44.58:7070/NCI60/) revealed that CLCb protein levels vary markedly across cells 

derived from different types of cancers (Figure 1A), whereas CLCa levels are more uniform 

(Figure S1A) (Gholami et al., 2013). This result is consistent with increased staining of 

CLCb in numerous types of cancers relative to normal tissue in the Human Protein Atlas 

(www.proteinatlas.org/ENSG00000175416-CLTB/cancer). We confirmed by 

immunohistochemical (IHC) staining of tissue microarrays that CLCb expression is 

increased in NSCLCs compared with normal lung tissue. Moreover, CLCb expression levels 

positively correlated with more aggressive tumor stages and metastases (Figure 1B). CLCa 

expression also appeared to increase in late-stage and metastatic tumors, but to a much lesser 

degree (Figure S1B). We confirmed that higher levels of CLCb protein expressions 

correspond to higher levels of mRNA by western blotting of NCI 60 NSCLC cell lines with 

high CLCb mRNA levels (e.g., H522, H226, and EKVX cells) compared with A549 cells, a 

cell line with lower CLCb mRNA (Figures 1C and S1C). H1299 cells, a widely used 

NSCLC cell line with rapid migratory ability, also expressed higher CLCb protein compared 

with A549 cells (Figure 1C). In contrast, the protein levels of CLCa, which are more subject 

to post-translational control (Acton and Brodsky, 1990), did not correlate well with the 

mRNA levels, and CLCa was uniformly expressed in these NSCLC cell lines (Figures 1C 

and S1C). The differential expression of CLCs in NSCLC motivated us to test for CLC 

isoform-specific functions in CME.

Differential Rates of CME, CCP Initiation, and Maturation in Single CLCa- versus CLCb-
Expressing Cells

Previous attempts to study differential functions of CLC isoforms by siRNA-mediated 

knockdown were plagued by compensating changes in expression levels of the other isoform 

and/or destabilization of CHC, thereby complicating interpretation. Therefore, to more 

directly test for potential differences of CLC isoform functions, we applied CRISPR/Cas9 

technology coupled to retroviral-mediated expression to knock out one isoform and then 

used FACS (fluorescence-activated cell sorting) to select for cells expressing saturating 

levels of the second (see STAR Methods). In this way we established single CLCa and single 

CLCb cells (sCLCa and sCLCb, respectively) in two commonly used NSCLC cell lines, 

H1299 cells (Figure 2A) and A549 cells (Figure S2A).

As an engineered model system, single CLCa and CLCb cell lines are useful tools to 

unambiguously distinguish the differential effects of CLC isoforms. We selected sCLCa and 

sCLCb cells with similar CLC and CHC expression levels (Figures 2A and S2A). We also 

verified by co-immunoprecipitation with CHC that both CLC isoforms bound to an equal 

extent to CHC, with no significant differences compared with parental cells expressing both 

isoforms (Figure 2B), indicating that expression of only one isoform does not affect clathrin 

triskelion stability. Interestingly, despite efficient precipitation of CHC, only a fraction of 

CLC co-precipitated, suggesting that in these cells CLCs might be expressed in excess of 

CHC, and thus that, in these cells, CHC is fully occupied by CLCs, as previously suggested 

(Hoffman et al., 2010).
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We first looked for differential effects of CLCa and CLCb on the endocytosis and recycling 

of TfnRs, an archetypical CME marker, in single CLC cells. TfnR endocytosis was 

accelerated in sCLCb H1299 relative to parental and sCLCa H1299 cells (Figure 2C). The 

same was true for sCLCb A549 cells (Figure S2B). There were no differences in the rates of 

TfnR recycling (Figures 2C and S2C). The increase of TfnR endocytosis is mostly 

manifested between 5 and 10 min, which is likely the result of low signal-to-noise ratio and 

poor sensitivity in biochemical uptake assay at early time points. These data indicate that 

TfnR endocytosis is differentially regulated in sCLCb-expressing cells.

Aberrant EGFR signaling contributes to oncogenesis and is crucial in NSCLC progression 

and drug resistance (Arteaga and Engelman, 2014). The differential effects of CLC isoforms 

on CME prompted us to examine the effect of CLCs on EGFR endocytosis and recycling in 

single CLC cells. Unlike the TfnR, both endocytosis and recycling of EGFRs were 

accelerated in sCLCb H1299 relative to parental and sCLCa H1299 (Figure 2D). Similar 

results were obtained with sCLCa and sCLCb A549 cells (Figures S2B and S2C). Thus, 

early endocytic trafficking of EGFRs is differentially regulated in sCLCb-expressing cells.

CLCs regulate clathrin lattice assembly (Wilbur et al., 2010) and thereby likely influence 

CME efficiency. Given that the increased endocytosis in sCLCb cells might be a 

consequence of altered CCP dynamics, we established H1299 and A549 cell lines 

expressing single CLCa/b fused N-terminally to EGFP (Figures S2D and S2E). These cells 

were then imaged by total internal reflection fluorescence microscopy (TIR-FM), followed 

by computer-based image analysis (Aguet et al., 2013; Loerke et al., 2009; Mettlen et al., 

2009). Single CLCa cells showed a broad CCP lifetime distribution (Figures 2E and S2F), 

indicative of a multi-step regulated process (Aguet et al., 2013; Reis et al., 2015). However, 

sCLCb cells displayed a quasi-exponential decay curve, indicative of altered regulation and 

more rapid maturation of CCPs. The rate of CCP initiation events was also significantly 

increased in sCLCb cells relative to sCLCa cells (Figures 2F and S2G). These data indicate 

that CCP initiation and maturation are differentially regulated in sCLCb-expressing cells, 

leading to accelerated rates of CME.

CLCb Upregulation Alters EGFR Trafficking in a Dyn1-Dependent Manner

Although sCLCa- and sCLCb-expressing cells are optimal for revealing differences in CME, 

most cells express both CLC isoforms, albeit at different ratios (Acton and Brodsky, 1990). 

Therefore, to study the consequences of upregulation of CLCb in a more physiological 

context, we generated “switched” CLCb (swCLCb) H1299 cells by retroviral expression of 

CLCb and FACS sorting in parental H1299 cells (see STAR Methods). We selected cells 

expressing similar total levels of CLCs and CHCs compared with parental cells. In these 

cells, overexpression of CLCb resulted in downregulation of CLCa so that CLCb became the 

predominant isoform (the ratio of CLCa to CLCb is approximately 60:40 in parental H1299 

cells and 30:70 in swCLCb cells) (Figure 3A). We confirmed by co-immunoprecipitation 

with CHC that the CLC isoforms were equally incorporated into triskelia in both parental 

and swCLCb H1299 cells (Figure 3B). As observed for sCLCb cells, swCLCb cells also 

exhibited higher rates of EGFR endocytosis and recycling than parental H1299 cells (Figure 

3C).
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We also performed the reciprocal experiments by siRNA-mediated knockdown of CLCb in 

H226 and EKVX NSCLC cell lines that express high levels of CLCb. As predicted, siRNA-

mediated depletion of CLCb in these cells decreased their rate of EGFR endocytosis and 

recycling (Figures 3D–3G).

The increased rates of CME and altered CCP dynamics seen in sCLCb and swCLCb cells 

were reminiscent of our previous finding that activation of Dyn1 in non-neuronal cells 

accelerated CME by altering CCP initiation and maturation rates (Reis et al., 2015). 

Surprisingly, we observed increased levels of Dyn1 expression in swCLCb cells (Figure 3H), 

which was even more dramatic in sCLCb cells (Figure S3A) compared with parental H1299 

or A549 cells. In contrast, sCLCa cells showed reduced levels of Dyn1 expression relative to 

parental controls (Figure S3A). The activity of Dyn1 can be modulated by changing 

expression levels or by phosphorylation at Ser774 by GSK3β, which inhibits Dyn1 activity 

(Clayton et al., 2010; Reis et al., 2015). We examined the levels of Dyn1 expression and the 

degree of phosphorylation on Ser774 in the NSCLC cell lines we used. Most NSCLC cells 

expressed relatively high levels of Dyn1 and showed less phosphorylation at serine 774 

(Figure S3B), consistent with increased Dyn1 activity.

To test whether the stimulatory effects of CLCb on early trafficking of EGFR were Dyn1 

dependent, we generated Dyn1 knockout (KO)/CLCb switched (Dyn1 KO/swCLCb) H1299 

cells by retroviral expression of CLCb in Dyn1 KO H1299 cells (Figure S4A). The 

accelerated endocytosis and recycling of EGFR in swCLCb cells were both dependent on 

Dyn1 expression, as these changes were abrogated in Dyn1 KO cells (Figure 3C).

CLCb Upregulation Increased Akt/GSK3β Phosphorylation, Leading to Altered EGFR 
Trafficking

We previously showed that Dyn1 is activated downstream of an Akt/GSK3β kinase cascade 

in non-neuronal cells (Reis et al., 2015). GSK3β phosphorylates and inactivates Dyn1, and 

GSK3β, in turn, is phosphorylated and inactivated by Akt (Clayton et al., 2010; Liberali et 

al., 2014; Reis et al., 2015). Therefore, we examined the effect of CLCb expression on Akt/

GSK3β phosphorylation, which might activate Dyn1. EGF treatment induced prolonged and 

stronger Akt and GSK3β phosphorylation in swCLCb cells compared with parental H1299 

cells (Figures 4A, S4B, and S4C). In contrast, ERK and TSC2 phosphorylation were 

unaffected (Figures S4B and S4C). Together these data suggest that signaling downstream of 

EGFR might activate Dyn1 through an Akt/GSK3β kinase cascade to alter its endocytosis 

and recycling in swCLCb cells. We tested this by treating swCLCb H1299 cells with a 

specific Akt inhibitor (Akt inhibitor X). As predicted, Akt inhibition reversed the increased 

rates of endocytosis and recycling of EGFR to levels similar to those in solvent control and 

Akt inhibitor-treated parental H1299 cells (Figure 4B).

We next tested the role of Dyn1 in altered Akt/GSK3β signaling in swCLCb cells. 

Interestingly, the increased Akt and GSK3β phosphorylation observed in swCLCb cells was 

abrogated in Dyn1 KO cells (Figures 4C, S4B, and S4C), whereas ERK and TSC2 

phosphorylation were unaffected (Figures S4B and S4C). Surface levels of EGFR did not 

significantly change in any of the cells we tested, indicating that the increased Akt/GSK3β 
phosphorylation was not a consequence of altered surface EGFR (Figure S4D). Thus, Dyn1 
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is both upstream and downstream of Akt activation, creating a positive feedback loop. From 

this we conclude that CLCb-dependent alterations in early endocytic trafficking of EGFRs 

are a consequence of a reciprocal crosstalk between signaling and altered endocytosis.

An Increase in APPL1-Positive Endosomes in swCLCb Cells Leads to Increased Akt/
GSK3β Phosphorylation

APPL1 (adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1) 

was identified as an early endosome-associated, Akt-interacting partner in a yeast two-

hybrid screen (Mitsuuchi et al., 1999). APPL1 orchestrates the activation and substrate 

specificity of Akt to modulate GSK3β, but not TSC2 phosphorylation (Cheng et al., 2009; 

Schenck et al., 2008). Therefore, we next examined the expression and distribution of 

APPL1 by western blotting and immunofluorescence (IF) staining. Although there was no 

detectable change in APPL1 protein levels (Figure S5A), IF staining revealed that the 

number of peripheral APPL1-positive endosomes (Figure 5A), but not APPL1 staining 

intensity per endosome (Figure S5B), was increased in swCLCb H1299 cells relative to 

parental H1299 cells. Thus, upregulation of CLCb appears to alter trafficking through and/or 

maturation/expansion of APPL1 endosomes to contribute to increased Akt/GSK3β 
phosphorylation.

We next tested whether APPL1 is required for Akt/GSK3β phosphorylation in swCLCb 

H1299 cells. siRNA-mediated knockdown of APPL1 in swCLCb H1299 cells reversed the 

EGF-dependent increase in Akt and GSK3β phosphorylation to levels similar to those in 

control siRNA-treated H1299 cells (Figures 5B, S5C, and S5D). In contrast, APPL1 

depletion did not alter Akt and GSK3β phosphorylation in control siRNA-treated parental 

H1299 cells (Figures 5B, S5C, and S5D). Taken together, these data indicate that 

upregulation of CLCb increases the number of APPL1-positive endosomes to selectively 

enhance Akt/GSK3β phosphorylation.

Reciprocally, we also verified the effect of CLCb on APPL1 endosomes in H226 and EKVX 

cells. Thus, siRNA-mediated knockdown of CLCb in both cells reduced the number of 

APPL1-positive endosomes (Figures S5E and S5F).

Finally, we found that the increase in peripheral APPL1 endosomes induced by upregulation 

of CLCb was also suppressed in the Dyn1 KO H1299 cells (Figure 5C). Together, these data 

suggest that upregulated CLCb accelerates EGFR endocytosis and recycling in a Dyn1-

dependent manner, which prolongs Akt signaling from APPL1-positive endosomes to 

further activate Dyn1 in a positive feedback loop that reflects crosstalk between signaling 

and endocytic trafficking.

Upregulation of CLCb Enhances Cancer Cell Migration and Metastasis

Previous microarray and tissue expression analysis suggested a role for CLCb in invasive 

villous trophoblast cell migration (Majeed et al., 2014). Since EGF modulates both cell 

proliferation and migration, we tested whether CLCb upregulation might alter EGF-

dependent cell migration. Epithelial cells tend to form multi-cellular foci in two-dimensional 

culture; however, compared with parental and sCLCa H1299 cells, we observed increased 

scattering in sCLCb H1299 cells (Figure S6A). Hence, we examined the effect of CLCb on 
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cell migration by scattering assays in the presence of EGF. In response to EGF, swCLCb 

H1299 cells showed increased speed of migration (Figure 6A) compared with parental 

H1299, whereas the scattering directionality did not change (Figures 6A and S6B). The 

CLCb-dependent, increased migration phenotypes were abolished in Dyn1 KO/swCLCb 

H1299 cells (Figure 6A).

Increased recycling of EGFR was shown to enhance cancer cell migration, invasion, and 

metastasis (Ben-Chetrit et al., 2015; Muller et al., 2009). The increased migration and 

altered EGFR trafficking in swCLCb cells prompted us to evaluate the effect of CLCb 

upregulation on metastasis in vivo using an orthotopic lung cancer model (Onn et al., 2003). 

Tumor cells were injected into the left lung, and the tumor nodules formed on the right lung 

were counted as a measure of metastatic ability. Strikingly, the number of metastatic nodules 

formed on the right lung in mice receiving swCLCb H1299 cells was 2-fold higher than in 

mice receiving parental H1299 cells (Figures 6B and 6C). Although highly metastatic, the 

swCLCb cells formed much smaller primary tumors on the left lung compared with mice 

receiving parental H1299 cells (Figures 6B, 6D, and S6C). The lack of correlation between 

primary tumor size and metastatic potential has also been reported for lung metastasis of rat 

mammary adenocarcinoma cells (Wyckoff et al., 2000) as well as for human colon cancers 

(Matsuda et al., 2009). Altogether, these data indicate that CLCb upregulation in NSCLC 

cells increases their migration and metastatic ability.

High CLCb and Dyn1 Expression Correlates with Poor Survival in Patients

Growing evidence suggests that altered endosomal sorting can profoundly affect cancer cell 

behavior and aggressiveness (Mellman and Yarden, 2013). Changes in the expression of 

endosomal markers can have prognostic value in prostate cancers (Johnson et al., 2015). 

Here, we have shown that adaptive CME in NSCLC cells, resulting from upregulation of 

CLCb, increases cell migration and metastasis through a Dyn1-dependent mechanism. 

Metastasis is the major cause of cancer-induced death. Therefore, we examined the 

relationship of upregulation of CLCb and Dyn1 to survival by mining lung cancer patient 

data from the Kaplan-Meier plotter database (Gyorffy et al., 2013). Patients with relatively 

high CLCb expression had significantly worse survival rates than those in the low-

expression group (Figure 7A). The same was true for patients in the high-Dyn1-expression 

group relative to those in the low-expression group (Figure 7B). In contrast, there were no 

significant differences in survival rates between high- and low-expression groups for either 

CLCa, Dyn2, or Dyn3 (Figure S7A). We further stratified the patients according to their 

tumor stages before performing the survival analysis. Patients in stage I with high CLCb or 

Dyn1 expression had significantly poorer survival rates than those in the low-expression 

group (Figures S7B and S7C). However, we could not detect the same correlation in stage 

II–III patients, which could reflect the lower sample number in late tumor stages. High 

expression of early-stage-associated metastatic genes, such as MALAT-1 (Metastasis 

associated in lung adenocarcinoma transcript 1), has been reported to correlate well with 

NSCLC metastasis and prognosis (Ji et al., 2003). The above clinical data suggest that 

upregulation of either CLCb or Dyn1 are risk factors in early-stage NSCLC patients. Our 

data provide mechanistic insight into these isoform-specific effects on cancer aggressiveness 
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and suggest that selective upregulation of CLCb and Dyn1 contributes to adaptive CME and 

altered signaling downstream of RTKs.

DISCUSSION

The intimate relationship between signaling and endocytic membrane trafficking contributes 

to a complex network modulating diverse biological functions (Palfy et al., 2012; Sorkin and 

von Zastrow, 2009). This is especially relevant to cancer biology, where increasing evidence 

points to cancer-specific adaptations in endocytic trafficking that affect signaling, cell 

survival, proliferation, polarity, and migration (Mellman and Yarden, 2013; Mosesson et al., 

2008), thereby contributing to cancer progression (Parachoniak and Park, 2012). Here we 

show that NSCLC cells upregulate normally synapse-enriched isoforms, CLCb and Dyn1, 

which exhibit isoform-specific functions that alter CME, early endosomal trafficking, and 

EGFR signaling. This “adaptive” CME in H1299 NSCLC cells overexpressing CLCb 

contributes to increased metastatic activity. This study, together with our previous finding 

that Dyn1 is activated downstream of Akt in H1299 NSCLC cells to alter CME (Reis et al., 

2015), strongly supports the concept of adaptive CME and suggests that Dyn1 is a key 

protein mediating reciprocal regulation of signaling and CME in cancer cells. Moreover, our 

finding of increased metastatic activity resulting from CLCb/Dyn1-dependent adaptive CME 

supports its role in cancer progression.

Proteomic analyses and IHC provide evidence for the upregulation of CLCb and Dyn1 in 

cancer cells and tumors. Moreover, high levels of Dyn1 and CLCb expression correlate with 

reduced survival rates in human lung cancer patients. Together these results suggest that our 

findings have relevance to cancer progression. However, we were unable to demonstrate a 

correlation between CLCb expression and Dyn1 expression, at least at the mRNA level. This 

is in part a reflection of the fact that Dyn1 activity can be regulated either by changes in 

expression levels or changes in phosphorylation or dephosphorylation. It might also reflect 

the fact that Dyn1 is downstream of CLCb and can affect CME independently of changes in 

CLCb expression.

Previous studies, primarily based on siRNA knockdown, failed to identify functional 

differences between CLC isoforms. These negative results are, in part, due to their 

considerable homology and functional overlap (Ferreira et al., 2012; Majeed et al., 2014), 

but also to compensatory upregulation of the alternative CLC and/or destabilization of CHC, 

which obscured functional differences. We took an alternative approach by engineering 

single CLCa or CLCb cells that express equal levels of the CLC isoforms and, importantly, 

CHC, thus maximizing opportunities to detect functional differences. Using this approach 

we observed pronounced differences between sCLCa and sCLCb cells in the rates of 

initiation and maturation of CCPs, leading to altered rates of CME. We also found that 

EGFR, but not TfnR recycling, was increased in sCLCb and swCLCb cells, which might 

suggest a preferential role for CLCb in the rapid, gyrating clathrin-dependent recycling 

previously shown to be CLC dependent (Majeed et al., 2014). Our findings that APPL1-

positive endosomes accumulate in swCLCb cells suggest a role for this subpopulation of 

signaling endosomes in the rapid recycling of RTKs. Interestingly, cancer cell-specific 
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mechanisms have been reported to alter recycling of β-integrin and EGFR without affecting 

TfnR (Caswell et al., 2009).

Unexpectedly, we also observed an increase in expression of Dyn1 in both sCLCb and 

swCLCb cells, which we showed could account for the changes in CME activities. 

Importantly, the activity of Dyn1 can be regulated by changing expression levels or 

phosphorylation, dephosphorylation, or both. We previously showed that Dyn1 was activated 

in cells that were severely defective in CCP maturation due to a deletion mutation in the a 

subunit of AP2 (Aguet et al., 2013). In this case, while expression levels did not change, 

Dyn1 was activated downstream of Akt/ GSK3β as part of a compensatory mechanism to 

rescue perturbed CME (Reis et al., 2015). Thus, one interpretation is that the upregulation 

and/or increased activation of Dyn1 in sCLC or swCLCb cells occurs in response to a 

general perturbation of CME due to either loss of CLCa or gain of CLCb functions, or both. 

In addition, because we can detect free CLCs in H1299 cells, we cannot exclude the 

possibility of an, as yet, unknown isoform-specific function for free CLCs. Alternatively, we 

note that Dyn1 and CLCb are predominant isoforms in neuronal and neuroendocrine cells 

that undergo rapid stimulated endocytosis after regulated secretion. Thus, Dyn1 and CLCb 

may have selective functions in regulating “adaptive” CME and signaling. While much more 

work is needed to identify the defect and/or alterations in CME resulting from the selective 

loss of CLCa and/or the sole expression of CLCb, our data clearly reveal functional 

differences between the two isoforms. More detailed biochemical and structural analyses of 

the sCLCa and sCLCb cells will be needed to elucidate these functional differences.

The increased rates of CME in swCLCb cells correlated with increased numbers of APPL1-

positive endosomes and increased Akt/GSK3β phosphorylation, both of which were shown 

to activate Dyn1 in non-neuronal, retinal pigment epithelial cells (Reis et al., 2015). In turn, 

the increase in APPL1 endosomes seen in swCLCb cells depends on Dyn1 expression. 

These data point to a positive feedback loop resulting from the crosstalk between signaling 

and early endocytic trafficking and impinging on Dyn1 activity. APPL1, a Rab5 effector, 

labels a sub-population of Rab5-positive signaling and sorting endosomes that can be 

regulated by EGFR through Grb2 (Kalaidzidis et al., 2015; Martinu et al., 2002; Miaczynska 

et al., 2004; Schenck et al., 2008). Grb2 interacts with dynamin’s proline/arginine-rich 

domain (Solomaha et al., 2005). Interestingly, recent data have suggested that a tri-gene 

signature of high levels of expression of the early endosomal markers APPL1, EEA1, and 

rab5 strongly correlates with reduced survival in prostate cancer patients (Johnson et al., 

2015).

Together our findings suggest that in addition to alterations in endosomal sorting, changes in 

expression and/or activity of key components of the CME machinery can result in adaptive 

CME in cancer cells (Figure 7C). We also provide evidence for a positive feedback loop 

involving Akt/GSK3β signaling downstream of EGFR and APPL1-positive endosomes that 

acts through Dyn1 to alter EGFR trafficking and signaling (Figure 7C). Our results provide 

direct evidence for CLCb isoform-specific functions and identify the isoform-specific 

activation of Dyn1 as a mechanism for adaptive CME in cancer cells. Finally, we show that 

CLCb/Dyn1-dependent adaptive CME enhances the metastatic activity of H1299 cells, and 

hence may be a potential new therapeutic target.
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STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

● KEY RESOURCES TABLE

● CONTACT FOR REAGENT AND RESOURCE SHARING

● EXPERIMENTAL MODEL AND SUBJECT DETAILS

○ Orthotopic Tumor Implantation

● METHOD DETAILS

○ Cell Culture

○ Cell Engineering

○ Immunohistochemical Analysis

○ siRNA and Plasmids Transfection

○ Cell Scattering and Migration Assay

○ TIR-FM

○ Endocytosis Assay

○ Recycling Assay

○ Microarray Data Analysis

● QUANTIFICATION AND STATISTICAL ANALYSIS

○ Analysis of IHC Staining Data

○ Analysis of Endocytosis and Recycling Data

○ Analysis of CCP Dynamics and Initiation Data (Live Cell TIR-FM)

○ Analysis of Western Blot Data

○ Analysis of APPL1 Positive Endosome Immunofluorescence Staining 

Data

○ Analysis of Cell Migration Speed and Directionality Data

○ Analysis of Orthotopic Tumor Metastasis Data

○ Analysis of NCI60 Microarray and Proteome Data and Kaplan-Meier 

Survival Data

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact (sandra.schmid@utsouthwestern.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Orthotopic Tumor Implantation—2×105 cells in 20 µl of PBS containing 10 ng of 

Matrigel (BD) were injected into the left lungs of 6-week-old female nude mice (n =6/

group). Eight weeks after implantation, mice were sacrificed by anesthesia with carbon 

dioxide; whole lungs were removed, fixed in 10% formalin, and counted for metastatic 

nodules on the right lobes of lung under gross and microscopic examination. The 

representative lungs were embedded in paraffin, which were then sectioned into 4 µm layers 

and stained with hematoxylin and eosin (H&E) for histological analysis. Animal 

experiments were approved by Laboratory Animal Center, National Taiwan University 

College of Medicine (Chen et al., 2014).

METHOD DETAILS

Cell Culture—H1299, A549, H522, H229 and EKVX cells were kindly provided by Dr. 

John Minna (The Hamon Center for Therapeutic Oncology, Depts. of Internal Medicine and 

Pharmacology, UTSW) and maintained in RPMI 1640 medium supplemented with 5% of 

FBS, and 100 units/ml of penicillin and streptomycin.

Cell Engineering—Single CLCa H1299 and A549 cells were generated by expansion of 

CLCb-negative cells, as determined by Western blotting, after clonal selection by FACS 

sorting of single cells expressing Cas9 (D10A) nickase plasmids (Addgene plasmid #42335) 

harboring human CLCb guide sequence (Positive strand, 

5TAGAGAACGACGAGGGCTTC3’; Negative strand, 5’CTGCAATCTCGCTC 

TCCTGC3’) (Cong et al., 2013). Because endogenous CLCb is expressed at low levels in 

parental cells, single CLCb H1299 and A549 cells were generated by first overexpressing 

CLCb and FACS selection for CLCb expression levels similar to that in sCLCa cells. Cells 

were then transfected with Cas9 (D10A) nickase plasmids harboring human CLCa guide 

sequence (Positive strand, 5TGCGGGCATCGAGAACGACG3’; Negative strand, 

5’CGCAGCCGGGTCTTCTTCGC3’) and clonally selected after FACS sorting as for 

sCLCa cells. Switched CLCb H1299 cells were generated by retroviral-mediated expression 

of CLCb and an IRES-BFP marker. H1299 cells expressing different levels of CLCb were 

sorting by FACS based on BFP intensity. ‘Switched’ CLCb (swCLCb) H1299 cells that 

expressed similar total levels of CLCs and CHC compared to parental cells were selected for 

study. Dyn1 KO H1299 cells were generated by expansion of CLCb-negative cells, as 

determined by Western blotting, after clonal selection by FACS sorting of single cells 

expressing Cas9 (D10A) nickase plasmids (Addgene plasmid #42335) harboring human 

Dyn1 guide sequence (Positive strand, 5’CCGGCTGCCGCTAGCGCTCCCGG3’; Negative 

strand, 5’AGCCATGGGCAACCGCGGCATGG3’) as previously described (Reis et al., 

2015).

Immunohistochemical Analysis—Immunohistochemistry was performed on a Dako 

Autostainer Link 48 system. Briefly, the slides were baked for 20 minutes at 60°C, then 

deparaffinized and dehydrated before the antigen retrieval step. Heat-induced antigen 

retrieval was performed at pH 6 for 20 minutes in a Dako PT Link. The tissue was incubated 

with a peroxidase block and then antibody incubation (1:2000 dilution for CLTA antibody, 

Sigma HPA050918; 1:4000 dilution for CLTB antibody, Abnova H00001212-M01) for 20 

Chen et al. Page 12

Dev Cell. Author manuscript; available in PMC 2017 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



minutes. The staining was scanned at 40x resolution in brightfield mode by Nanozoomer 

2.0-HT (Hamamatsu) and visualized using the NDP.view 2 viewing software (Hamamatsu). 

The IHC staining was scored by different people blinded to the sample identity and relative 

to representative images shown in Figures 1B and S1B and the results were presented as 

average percentage of low and high expression of indicated protein. Paraffin-embedded 

tissue microarrays (BC04002a) of lung cancer primary tumors, metastases, and normal 

tissues were obtained from US Biomax, inc. The tumors were classified according to the 

American Joint Committee on Cancer (AJCC) TNM system. Among them, twenty-three 

were classified as stage I, fourteen as stage II, thirteen as stage III, and ten were lymph node 

metastases from lung squamous cell carcinoma.

siRNA and Plasmids Transfection—Plasmids and siRNA were transfected according 

to the manufacturer’s recommendations using Lipofectamine 2000 and Lipofectamine 

RNAiMAX respectively (Invitrogen). Briefly, 110 pmol of the indicated siRNA and 6.5 µl of 

Lipofectamine RNAiMAX reagent were diluted in 100 µl of OptiMEM medium 

(ThermalFisher). Then, the diluted siRNA was added to diluted Lipofectamine RNAiMAX 

reagent and incubate for 5 minutes at room temperature. The mixed siRNA-lipid complex 

was added to each well of a 6-well plate containing cells for 4 hours. For plasmid 

transfections, 1 µg of the indicated plasmids and 10 µl of Lipofectamine 2000 reagent were 

diluted in 100 µl of OptiMEM medium (ThermalFisher). Then, the diluted plasmids were 

added to diluted Lipofectamine 2000 reagent and incubated for 5 minutes at room 

temperature. The mixed plasmid-lipid complex was added to each well of a 6-well plate 

containing cells for 4 hours. Cells were placed in original culture medium 4 hours after 

plasmid or siRNA transfection.

Cell Scattering and Migration Assay—Scattering and migration assays were 

performed using 12 well plates. 2×104 cells/well were dispensed and 48 hours later, the 

complete medium was replaced with 1ml of FBS-free RPMI after extensive washes with 

PBS to remove any remaining fetal bovine serum (FBS). Cells were imaged by phase 

contrast using a 20× air objective (5×5 tiling covering ~80–90% of the well) with a frame 

rate of 1 image/15 minute on a Ti-Eclipse inverted microscope (Nikon) driven by NIS 

Elements V4.13 software. After one hour, we added 50µl from a 400ng/ml stock of EGF 

prepared in FBS-free RPMI (~20 ng/ml final) and continued imaging for another 7 hours. 

Cell migration directionality and speed were analyzed by ImageJ and Chemotaxis and 

Migration Tool (http://www.ibidi.de).

TIR-FM—Total internal reflection fluorescence microscopy (TIR-FM) was performed as 

previously described (Loerke et al., 2009). Briefly, sCLCa expressing GFP-CLCa and 

sCLCb expressing GFP-CLCb H1299 and A549 cells were imaged using a 100× 1.49 NA 

Apo TIRF objective (Nikon) mounted on a Ti-Eclipse inverted microscope with Perfect 

Focus System (Nikon). TIR-FM illumination was achieved using a Diskovery Platform 

(Andor Technology). During imaging, cells were maintained at 37°C in RPMI supplemented 

with 5% fetal calf serum. Time-lapse image sequences were acquired at a penetration depth 

of 90 nm and a frame rate of 1Hz using a sCMOS camera with 6.5µm pixel size (pco.edge).
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Endocytosis Assay—Transferrin (Tfn) and EGFR internalization experiments were 

performed using anti-TfnR mAb (HTR-D65) (Schmid and Smythe, 1991) or biotinylated-

EGF respectively. Cells were grown overnight in 96-well plates at a density of 2×104 cells/

well and incubated with 4 µg/ml of D65 or 20 ng/ml of biotinylated-EGF (Invitrogen) in 

assay buffer (PBS4+: PBS supplemented with 1 mM MgCl2, 1 mM CaCl2, 5 mM glucose 

and 0.2% bovine serum albumin) at 37°C for the indicated time points. Cells were then 

immediately cooled down (4°C) to stop internalization. The remaining surface-bound D65 or 

biotinylated-EGF was removed from the cells by an acid wash step (0.2 M acetic acid, 0.2 M 

NaCl, pH 2.5). Cells were then washed with cold PBS and then fixed in 4% 

paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS for 30 min and further 

permeabilized with 0.1% Triton X-100/PBS for 10 min. Internalized D65 was assessed using 

a goat anti-mouse HRP-conjugated antibody (Life Technologies), and internalized 

biotinylated-EGF was assessed by streptavidin-POD (Roche). The reaction was further 

developed with OPD (P1536, Sigma-Aldrich), and then stopped by addition of 50 µl of 5M 

of H2SO4. The absorbance was read at 490 nm (Biotek Synergy H1 Hybrid Reader). 

Internalized ligand was expressed as the percentage of the total surface-bound ligand at 4°C 

(i.e., without acid wash step), measured in parallel (Reis et al., 2015). Well-to-well 

variability in cell number was accounted for by normalizing the reading at 490 nm with a 

BCA readout at 560 nm.

Recycling Assay—Tfn and EGFR recycling experiments were performed using 

biotinylated-Tfn or EGF respectively. Cells were grown overnight in 96-well plates at a 

density of 2×104 cells/well and pulsed with 5 µg/ml of biotinylated-Tfn or 20 ng/ml of 

biotinylated-EGF in PBS4+ buffer at 37°C for 10min. Cells were then immediately cooled 

down (4°C) to stop internalization. The remaining surface-bound biotinylated-Tfn or 

biotinylated-EGF was removed from the cells by acid wash (0.2 M acetic acid, 0.2 M NaCl, 

pH 2.5). Cells were washed with PBS and then incubated in PBS4+ containing 2mg/ml of 

holo-Tfn or 20ng/ml of EGF at 37°C for the indicated time points. Cells were then washed 

0.2 M acetic acid/0.2 M NaCl (pH 2.5) again and PBS and then fixed in 4% 

paraformaldehyde (PFA) (Electron Microscopy Sciences) in PBS for 30 min and further 

permeabilized with 0.1% Triton X-100/PBS for 10 min. Internalized biotinylated ligand was 

assessed by streptavidin-POD (Roche). The reaction was further developed with OPD 

(P1536, Sigma-Aldrich), and then stopped by addition of 50 µl of 5M of H2SO4. The 

absorbance was read at 490 nm (Biotek Synergy H1 Hybrid Reader). Well-to-well variability 

in cell number was accounted for by normalizing the reading at 490 nm with a BCA readout 

at 560 nm. The decrease in intracellular biotinylated-Tfn or biotinylated-EGF (recycling) 

was calculated relative to the total internal pool of ligand internalized.

Microarray Data Analysis—NCI-60 gene transcript analysis was performed by 

CellMiner™ software generated by Genomics & Bioinformatics Group, LMP, CCR and NCI 

(Shankavaram et al., 2009). Probe intensity value is transformed to Z score. Each gene 

expression across the NCI-60, subtracts the mean intensity (to center the data), and then 

divides by the standard deviation of the measured intensities (to normalize the range) 

(Reinhold et al., 2012). Positive z-score represents gene expression in the particular cell line 
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is above (greater than) the mean of all NCI60 cell lines, and negative z-score represents gene 

expression is below (less than) the mean.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of IHC Staining Data—The IHC staining was scored by different people who 

were blinded to the sample identity, relative to representative low and high expression 

groups (images shown in Figures 1B and S1B) and the result was presented as average 

percentage of low and high expression of indicated protein. Sample number: normal (n=15), 

stage I tumor (I, n=23), stage II tumor (II, n=14), stage III tumor (III, n=13) and metastatic 

tumor tissues (n=10).

Analysis of Endocytosis and Recycling Data—Endocytosis and recycling data 

(Figures 2C, 2D, 3D–3F, 4B, S2B, and S2C) were pooled and averaged from three 

independent experiments and presented as mean±SEM, n=3. The statistical significance was 

analyzed by Student’s t-test. *, p<0.1; **, p<0.05; ***, p<0.01.

Analysis of CCP Dynamics and Initiation Data (Live Cell TIR-FM)—CCP lifetime 

distribution and initiation density in Figures 2E, 2F, and S2F–S2G were from three 

independent experiments. More than 10,000 CCP events from 20× 10 minute live cell 

images (frame rate of 1Hz) were pooled and analyzed by cmeAnalysisPackage (Aguet et al., 

2013). Initiation density of bona fide CCPs for the conditions indicated was presented as box 

plots show median, 25th, and 75th percentiles, and outermost data points. The statistical 

significance was analyzed by Student’s t-test. *, p<0.1; **, p<0.05; ***, p<0.01.

Analysis of Western Blot Data—The intensity of phosphorylated and total protein blots 

(Figures 4A, 4C, 5B, and S4B) were analyzed from three independent experiments by 

ImageJ and presented as mean±SEM, n=3. The statistical significance was analyzed by 

Student’s t-test. *, p<0.1; **, p<0.05; ***, p<0.01.

Analysis of APPL1 Positive Endosome Immunofluorescence Staining Data—
The immunofluorescence staining of APPL1 positive endosomes (Figures 5A, 5C, S5B, 

S5E, and S5F) was quantified by ImageJ and presented as mean±SEM, n=20 (three 

independent experiments). The statistical significance was analyzed by Student’s t-test. *, 

p<0.1; **, p<0.05; ***, p<0.01.

Analysis of Cell Migration Speed and Directionality Data—Cell migration 

directionality and speed (Figures 6A and S6B) were analyzed by ImageJ and Chemotaxis 

and Migration Tool (www.ibidi.de). The data was pooled from 60 cells (three independent 

experiments) and presented as mean±SEM. The statistical significance was analyzed by 

Student’s t-test. *, p<0.1; **, p<0.05; ***, p<0.01.

Analysis of Orthotopic Tumor Metastasis Data—The data was presented as average 

number of metastatic tumor nodules developed in right lung lobes from mice sacrificed eight 

weeks after orthogonal lung injection. Values are mean±SEM, n=6 mice. The statistical 

significance was analyzed by Student’s t-test. *, p<0.1; **, p<0.05; ***, p<0.01.
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Analysis of NCI60 Microarray and Proteome Data and Kaplan-Meier Survival 
Data—NCI-60 gene transcript analysis was performed by CellMiner™ software generated 

by Genomics & Bioinformatics Group, LMP, CCR and NCI (Shankavaram et al., 2009). 

Probe intensity value is transformed to Z score.

NCI-60 proteome data was downloaded from http://129.187.44.58:7070/NCI60/ (Gholami et 

al., 2013).

NSCLC patient survival data was downloaded from the Kaplan Meier plotter database 

(Gyorffy et al., 2013). Pre-stratifying NSCLC patients according to tumor stages was 

performed in CLCb and Dyn1 high and low expression cohort. P value was calculated by 

log-rank test (Gyorffy et al., 2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CLCb and Dyn1 contribute to adaptive clathrin-mediated endocytosis in 

cancer cells

• CLCb modulates dynamin-1 via an APPL1/Akt/GSK3β signaling circuit

• Upregulation of CLCb alters EGFR trafficking dependent on dynamin-1

• Upregulation of CLCb increases tumor cell migration and metastasis
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Figure 1. CLCb Is Upregulated in NSCLC
(A) Protein levels of CLCb in NCI 60 cell lines (http://129.187.44.58:7070/NCI60/protein/

show/3943).

(B) Images of low and high immunohistochemistry (IHC) of CLCb levels in representative 

tumor tissues. Scale bar, 50 µm. Quantification of CLCb expression according to low and 

high IHC levels in normal (n = 15), stage I tumor (I, n = 23), stage II tumor (II, n = 14), 

stage III tumor (III, n = 13) and metastatic tumor tissues (n = 10).

(C) Representative western blot of CLCs in H1299, A549, H522, H226, and EKVX cells.

Chen et al. Page 21

Dev Cell. Author manuscript; available in PMC 2017 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://129.187.44.58:7070/NCI60/protein/show/3943
http://129.187.44.58:7070/NCI60/protein/show/3943


Figure 2. Differential Rates of CME, CCP Initiation, and Maturation in Single CLCa- versus 
CLCb-Expressing Cells
(A) Representative western blot of CLCs and CHC in parental H1299 cells and single CLC 

H1299 cells engineered to express saturating levels of either CLCa (sCLCa) or CLCb 

(sCLCb).

(B) The CLC binding to CHC was examined by immunoprecipitation of CHC followed by 

western blotting using CHC or CLC antibodies. One hundred percent of input and 

immunoprecipitated pellets were loaded.

(C) Endocytosis and recycling of TfnR were measured in parental, sCLCa, and sCLCb 

H1299 cells. Percentage of internalized TfnR was calculated relative to the initial surface 
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TfnR. Percentage of recycled biotinylated-Tfn was calculated relative to the initial loading 

(10 min).

(D) Endocytosis and recycling of biotinylated EGF (20 ng/mL) were measured in parental, 

sCLCa, and sCLCb H1299 cells. Percentage of internalized biotinylated EGF was calculated 

relative to the initial surface bound. Percentage of recycled biotinylated EGF was calculated 

relative to the initial loading (10 min).

(E) Average CCP lifetime distribution in sCLCa and sCLCb H1299 cells.

(F) Rate of initiation (# CCP/µ2/min) of bona fide CCPs in sCLCa (0.088 ± 0.006 CCP/µm2/

min) and sCLCb (0.151 ± 0.010 CCP/µm2/min) H1299 cells.

Data in (C) and (D) are presented as mean ± SEM, n = 3. Data in (E) and (F) are from n = 3 

independent experiments, 20 cells in total. Statistical significance was analyzed by Student’s 

t test (**p < 0.05, ***p < 0.01).
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Figure 3. CLCb Upregulation Alters EGFR Trafficking in a Dynamin-1-Dependent Manner
(A) Representative western blot of CLCs and CHC in parental and H1299 cells 

overexpressing CLCb to switch CLC isoform distribution (swCLCb).

(B) CLC binding to CHC was examined by immunoprecipitation of CHC followed by 

western blotting using CHC or CLC antibodies. One hundred percent of input and 

immunoprecipitated pellets were loaded.

(C) Endocytosis and recycling (10-min pulse) of biotinylated EGF measured in parental, 

swCLCb, D1KO, and D1KO/swCLCb H1299 cells. Percentage of internalized biotinylated 

EGF relative to the initial surface binding is shown. Percentage of recycled biotinylated EGF 

was calculated relative to the initial loading (10 min).

(D and E) Endocytosis (D) and recycling (E) of biotinylated EGF (20 ng/mL) were 

measured in control and CLCb siRNA-treated H226 and EKVX cells, as described in (C).

(F) Surface levels of EGFR in control and CLCb siRNA-treated H226 and EKVX cells.

(G) Representative western blots of CLCb knockdown efficiency in control and CLCb 

siRNA-treated H226 and EKVX cells.

(H) Representative western blot of Dyn1 and Dyn2 expression in parental and swCLCb 

H1299 cells.
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Data in (C)–(F) are presented as mean ± SEM, n = 3. Statistical significance was analyzed 

by Student’s t test (*p < 0.1, **p < 0.05, ***p < 0.01; n.s., not significant).
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Figure 4. CLCb Upregulation Increased Akt/GSK3β Phosphorylation, Leading to Altered EGFR 
Trafficking
(A) Quantification of the extent of Akt (Ser473) and GSK3β (Ser9) phosphorylation at the 

indicated times after treatment of parental or swCLCb H1299 cells with EGF (20 ng/mL).

(B) Endocytosis and recycling of biotinylated EGF in parental and swCLCb H1299 cells 

with or without treatment with the specific Akt inhibitor, X (10 µM).

(C) Quantification of Akt (Ser473) and GSK3β (Ser9) phosphorylation in parental, 

swCLCb, Dyn1KO, and Dyn1KO/swCLCb H1299 cells 10 min after addition of EGF (20 

ng/mL).
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Values are presented as mean ± SEM, n = 3. Statistical significance was analyzed by 

Student’s t test (*p < 0.1, **p < 0.05, ***p < 0.01; n.s., not significant).
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Figure 5. An Increase in APPL1-Positive Endosomes in swCLCb Cells Leads to Increased Akt/
GSK3β Phosphorylation
(A) Representative IF staining image and quantification of APPL1-positive endosomes in 

parental and swCLCb H1299 cells. Scale bar, 10 µm.

(B) Quantification of effect of siRNA-mediated knockdown of APPL1 on phosphorylation 

of Akt (Ser473) and GSK3β (Ser9) in response to treatment with EGF (20 ng/mL) in 

parental and swCLCb H1299 cells. Controls were transfected with a non-specific siRNA. 

Values are presented as mean ± SEM, n = 3.

(C) Representative IF staining image and quantification of APPL1-positive endosomes in 

Dyn1 KO and Dyn1 KO/swCLCb H1299 cells. Scale bar, 10 µm.
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Values are presented as mean ± SEM, n = 20 cells. Statistical significance was analyzed by 

Student’s t test (***p < 0.01; n.s., not significant).
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Figure 6. Upregulation of CLCb Enhances Cancer Cell Migration and Metastasis
(A) Average migration speed and directionality of EGF-treated (20 ng/mL) parental, 

swCLCb, D1KO, and D1KO/swCLCb H1299 cells.

(B) Representative gross view of lungs from mice euthanized 8 weeks after injection of 

parental and swCLCb H1299 cells into the left lung. Yellow arrows indicate tumor nodules 

on orthogonal, right lung. Scale bar, 1 cm.

(C) Average number of metastatic tumor nodules developed in right lung lobes from mice 

euthanized 8 weeks after orthogonal lung injection.
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(D) Representative H&E-stained histological image of metastatic nodules on right lungs 

from mice receiving swCLCb H1299 cells. Yellow arrow indicates tumor site. Scale bar, 100 

µm.

Values in (A) and (C) are mean ± SEM, n = 6 mice. Statistical significance was analyzed by 

Student’s t test (*p < 0.1, **p < 0.05).
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Figure 7. CLCb and Dyn1 are Predicted as High-Risk Factors in NSCLC
(A and B) Kaplan-Meier survival analysis of NSCLC patients was performed in CLCb (A) 

and Dyn1 (B) high- and low-expression cohorts.

(C) Model of CLCb/Dyn1-dependent adaptive CME. Upregulation of CLCb leads to 

increased activation of Dyn1 through a positive feedback loop involving APPL1-positive 

endosomes and increased Akt/ GSK3β phosphorylation. Prolonged Akt signaling from 

APPL1-positive endosomes activates Dyn1 that contributes to abnormal EGFR trafficking 

and signaling, leading to increased migration and metastasis.
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KEY RESOURCES TABLE

Reagent or Resource Source Identifier

Antibodies

TfnR Schmid and Smythe (1991) HTR-D65

CLCa Sigma; The Human Protein Atlas http://
www.proteinatlas.org/
ENSG00000122705-CLTA/cancer

Cat#HPA050918 (Sigma)

CLCb Abnova; The Human Protein Atlas http://
www.proteinatlas.org/
ENSG00000175416-CLTB/cancer

Cat# H00001212-M01; RRID: 
AB_425372

CLC Rabbit antibody (Homemade) against 
CLC peptide (a.a.23–40, 
CEEDPAAAFLAQQESEIAG)-KLH 
conjugation

CHC Millpore, clone 6F10.1 Cat#MABC580

Dyn1 Abcam Cat#ab52852; RRID: AB_869530

Dyn1 phospho-Ser 774 Abcam Cat#ab55324; RRID: AB_879828

Dyn2 Santa Cruz (C18) Cat#sc-6400; RRID: AB_639943

EGFR Cell Signaling (D38B1) Cat#4267; RRID:AB_2246311

Phospho-Akt (Ser473) Cell Signaling (D9E) Cat#4060; RRID: AB_2315049

Akt Cell Signaling Cat#9272; RRID: AB_329827

Phospho-p44/p42 MAPK (Erk1/2) (Thr202/ Tyr204) Cell Signaling (D13.14.4E) Cat#4370; RRID: AB_2315112

P44/p42 MAPK (Erk1/2) Cell Signaling (137F5) Cat#4695; RRID: AB_390779

Phospho-GSK-3β (Ser9) Cell Signaling (D85E12) Cat#5558; RRID: AB_10013750

GSK-3β BD Transduction Laboratories (clone 7) Cat#610201; RRID: AB_397600

Phospho-Tuberin/TSC2 (Thr1462) Cell Signaling Cat#3611; RRID AB:329855

Tuberin (TSC2) Santa Cruz (C20) Cat#sc-893; RRID: AB_632569

APPL1 Cell Signaling (D83H4) Cat#3858; RRID:AB_2056989

β-actin Sigma (clone AC-15) Cat#A1978; RRID: AB_476692

Vinculin Sigma (clone hVIN-1) Cat#V9131; RRID: AB_477629

Biological Samples

Lung disease spectrum tissue array US Biomax Cat#BC04002a

Chemicals, Peptides, and Recombinant Proteins

Human EGF Invitrogen Cat#PHG0311

Biotin EGF Invitrogen Cat#E3477

Holo-transferrin, human Sigma Cat#T4132

Biotin transferrin, human Invitrogen Cat#T23363

Akt inhibitor X Calbiochem CAS 925681-41-0 Cat#124020

Matrigel BD Cat#356231

Lipofectamine 2000 Invitrogen Cat#11668019

Lipofectamine RNAiMAX Invitrogen Cat#13778150

Recombinant human dynamin 1 Laboratory of Sandra Schmid Srinivasan et al., 2016

Recombinant human dynamin 2 Laboratory of Sandra Schmid Srinivasan et al., 2016
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Reagent or Resource Source Identifier

OptiMEM Reduced Serum Medium ThermalFisher Cat#31905070

Experimental Models: Cell Lines

Human: H1299 cell line (NSCLC, derived from metastatic 
site: lymph node)

Dr. John Minna (The Hamon Center for 
Therapeutic Oncology, Depts. of Internal 
Medicine and Pharmacology, UTSW)

Human: A549 cell line (NSCLC) Dr. John Minna (The Hamon Center for 
Therapeutic Oncology, Depts. of Internal 
Medicine and Pharmacology, UTSW)

Human: H522 cell line (NSCLC, adenocarcinoma) Dr. John Minna (The Hamon Center for 
Therapeutic Oncology, Depts. of Internal 
Medicine and Pharmacology, UTSW)

Human: H226 cell line (NSCLC) Dr. John Minna (The Hamon Center for 
Therapeutic Oncology, Depts. of Internal 
Medicine and Pharmacology, UTSW)

Human: EKVX cell line (NSCLC, adenocarcinoma) Dr. John Minna (The Hamon Center for 
Therapeutic Oncology, Depts. of Internal 
Medicine and Pharmacology, UTSW)

Experimental Models: Organisms/Strains

Mouse: NOD.CB17-Prkdcscid/NCrCrl (NOD SCID) BioLASCO, Taiwan From Charles River Laboratories

Recombinant DNA

pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A) Cong et al., 2013 Addgene plasmid #42335

pMIG-IRES-BFP-human CLCb This paper Addgene plasmid #9044

Sequence-Based Reagents

siRNA target sequence: APPL1 #1: 
5’GAUCUGAGUCUACAAAUUU3’

This paper Sigma

siRNA target sequence: APPL1 #2: 
5’GGAAAUGGACAGUGAUAUA3’

This paper Sigma

siRNA target sequence: APPL1 #3: 
5’CAAAGUCGGUUGAUAGCUG3’

This paper Sigma

siRNA target sequence: APPL1 #4: 
5’GAAACUAUGCGCCAAAUCU3’

This paper Sigma

Human CLCb guide sequence: positive strand: 
5’TAGAGAACGACGAGGGCTTC3’

This paper IDT

Human CLCb guide sequence: negative strand: 
5’CTGCAATCTCGCTCTCCTGC3’

This paper IDT

Human CLCa guide sequence: positive strand: 
5’TGCGGGCATCGAGAACGACG3’

This paper IDT

Human CLCa guide sequence: negative strand: 
5’CGCAGCCGGGTCTTCTTCGC3’

This paper IDT

Human Dyn1 guide sequence: positive strand: 
5’CCGGCTGCCGCTAGCGCTCCCGG3’

Reis et al., 2015 IDT

Human Dyn1 guide sequence: negative strand: 5’ 
AGCCATGGGCAACCGCGGCATGG3’

Reis et al., 2015 IDT

Software and Algorithms

cmeAnalysisPackage Aguet et al., 2013

ImageJ https://imagej.nih.gov/ij/

Chemotaxis and Migration Tool http://www.ibidi.de
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