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Fig. 1. Synergistic antiproliferative effects of combined EGFR blockade
with JAK inhibition. (A) MTT-based proliferation assay in H1975, PC-9R,
and H1650 cells treated with the TKI erlotinib (Ti) in combination with the
JAKiI AZD1480 (Ji). Data are means + SEM from five replicates in three
independent experiments. *P < 0.05; **P < 0.001, versus AZD1480 alone
(two-tailed Student’s t test). Below each graph are the representative
combination indices (Cls) of erlotinib (TKI) in combination with AZD1480
(JAKi): Cl < 0.9 indicates synergy, Cl between 0.9 and 1.1 is additive,
and Cl > 1.1 indicates antagonism. The drug dosage combinations used

IL-6/JAK signaling (8). Further examination of this cohort of samples
revealed that 31% of EGFR-mutant NSCLC tumors had high expres-
sion (immunohistochemistry) of pSTAT3. Here, we sought to determine
the relevance of JAK/STAT3 activation in tumors that had developed re-
sistance to TKIs. Patients with EGFR-mutant NSCLC had their tumors
rebiopsied upon development of acquired resistance to erlotinib or ge-
fitinib (hereafter referred to collectively as TKI) (5). We examined the

in the MTT assay are boxed. (B) Western blotting in lysates from H1975,
PC-9R, and H1650 cells treated with JAKi (AZD1480, 1 uM), TKI (erlotinib,
0.2 uM), or the combination for 1 hour. Blots are representative of three
experiments and are quantified in fig. S1D. (C) Tumor volume tracking
in mice bearing xenografts of H1975, PC-9R, or H1650 cells and treated
with vehicle (C), AZD 1480, erlotinib, or the combination (Ji + Ti) for 12t0 25
days. Doses are provided in Materials and Methods. Data are means + SEM
(n=5to 7 mice per group). *P< 0.05, AZD1480 versus the combination (two-
tailed Student’s ttest).

abundance of pSTAT3 in 10 TKI-resistant tumors, 4 of which were
matched against the untreated primary tumor. We determined that the
abundance of pSTAT3 was high (score 2 to 3+) in 68% (4 of 6) of un-
matched samples and either similar or increased in all four matched spe-
cimens compared to the respective pre-TKI samples (fig. S1A) (21, 22).
These results led us to hypothesize that pSTAT3 may be a relevant target
in TKI-resistant disease.
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Fig. 2. JAK inhibition or depletion enhances EGFR-ERK signaling. (A) Western blotting as indicated
in lysates from H1975, PC-9R, and H1650 cells treated with AZD1480 (1 uM) for 1 hour. Blots are

representative of three experiments and are quantified in fig. S2E. (B) Staining for pSTAT3, pEGFR,
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EGFR, and pERK in representative tumor sections from H1650 xenografts treated with vehicle control
(C) or AZD1480 (Ji) (30 mg/kg, twice daily for 3 weeks). Scale bars, 100 um. (C) Western blotting as

indicated in lysates from H1975, PC-9R, and H1650 cells transfected with control (SCRAMBLE) or
JAK2 siRNA. Blots are representative of three experiments and are quantified in fig. S3E.

We tested this hypothesis by treating TKI-resistant, pSTAT3"
NSCLC cell lines (H1975, PC-9R, and H1650) and xenografts with a
JAK inhibitor (JAKi; AZD1480) alone or in combination with a TKI
(erlotinib) as a negative control. Treatment with JAKi reduced the abun-
dance of pSTAT3 and inhibited the proliferation of cultured cells, with
median inhibitory concentrations in the range of 0.25 to 1.50 uM (Fig. 1,
A and B, and fig. S1B) (8, 10, 12, 23). Furthermore, in vivo studies dem-
onstrated a significant inhibitory effect of JAKi as a single agent on the
growth of NSCLC xenograft tumors (Fig. 1C). In contrast, TKI (erlotinib)
alone did not inhibit the proliferation of TKI-resistant cell lines H1975
and PC-9R and partially inhibited the proliferation of semiresistant
H1650 in vitro and in vivo (Fig. 1, A and C), as previously demonstrated
(24-26). However, the TKI-resistant cell lines (H1975 and PC-9R) and
the TKI-semiresistant cell line (H1650) were rendered sensitive to TKI
by the addition of JAKIi, evidenced by decreased cell viability and in-
creased apoptosis in cultured cells (Fig. 1A and fig. S1C). The abundance
of pSTAT3, phosphorylated EGFR (pEGFR), and the downstream ef-
fector phosphorylated extracellular signal-regulated kinase (pERK)
in these cultured TKI-resistant cell lines were markedly reduced upon
combination treatment with JAKi and TKI, whereas expectedly, TKI
alone had no effect (Fig. 1B and fig. S1D). In vivo, dual blockade of
JAK and EGFR led to the greatest inhibition of tumor growth when com-
pared to either JAKi or TKI alone in H1975, PC-9R, and H1650 xenografts
(Fig. 1C). The enhanced inhibitory effect of combination treatment was
accompanied by decreased pSTAT3, pEGFR, and pERK abundance and
reduced proliferation (by Ki67 staining) (fig. S1E). These data indicate
that combined JAKi/TKI treatment is superior to monotherapy and can
overcome resistance to EGFR inhibitors in EGFR-mutant NSCLC.

JAK2 inhibition increases EGFR signaling

Having determined that dual JAK and EGFR inhibition overcame
acquired TKI resistance, we next sought to define the mechanisms un-
derlying this phenomenon. Treating cell lines (H1975, PC-9R, and H1650),

xenografts (H1975 and PC-9R), and transgenic EGFR-mutant, TKI-
resistant NSCLC mouse models [EGFR L858R + T790M (27)] with JAKi
reduced the abundance of pSTAT3 in the tumor cells (Figs. 1B and 2, A
and B, and figs. S1E and S2, A and B). However, JAK inhibition led to an
increase in EGFR signaling. Specifically, the abundance of EGFR,
pEGFR, and pERK was increased with no apparent effect on the abun-
dance of phosphorylated AKT or phosphorylated S6 (Fig. 2 and fig. S2,
A to E). Additionally, JAK inhibition enhanced the EGFR-mediated RAS
activation in cell lines (fig. S3A). Treating cell lines with JAKi resulted in
increased pERK abundance after 10 min, which slowly returned to base-
line as that of pSTAT3 reappeared over 12 to 24 hours (fig. S3B). The short
time scale required for the JAK inhibition—mediated increase in pERK
abundance suggested an effect on signaling rather than de novo transcrip-
tion or translation. A similar phenomenon was observed in vivo. We treated
tumor-bearing mice with a single dose of JAKi and observed a rapid in-
crease in pERK abundance with a reciprocal reduction in pSTAT3 abun-
dance 4 to 6 hours after administration of the drug. Twenty-four hours
later, as pSTAT3 abundance returned, we observed a concomitant reduc-
tion in ERK activation (assessed by pERK staining) (fig. S3C).

To determine whether the effect of JAK inhibition on ERK phos-
phorylation was specifically mediated through JAKs, we reduced
JAK?2 expression in NSCLC lines using small interfering RNAs (siRNAs).
Depletion of JAK2 increased the abundance of total EGFR, pEGFR,
and pERK (Fig. 2C and fig. S3, D and E). Additionally, we found that
several JAK?2 inhibitors increased the amount of pEGFR and pERK in
NSCLC cell lines, suggesting that the effect was not reagent-specific
(fig. S3F). Conversely, we asked whether overexpression of a consti-
tutively active form of JAK2 (JAK2V®'"F) (28) could decrease pEGFR
abundance in NSCLC cell lines. Transient transfection of JAK2V¢!"F
into PC-9R cells led to a reduction in pEGFR and pERK abundance
(fig. S3G). Together, our data demonstrate that JAK2 inhibition en-
hances EGFR signaling in NSCLC cell lines, xenografts, and trans-
genic mice.
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Fig. 3. JAK2 inhibition increases surface EGFR expression through
SOCSS. (A) Detection of cell surface-bound EGFR on PC-9R cells using
Alexa Fluor-EGF at 4°C after a 1-hour treatment with AZD1480 or con-
trol. Scale bars, 50 um. (B) Serum-starved H1975, H1650, and PC-9R
cells were pretreated with AZD1480 or control for 1 hour. Surface pro-
teins were biotinylated, precipitated with avidin resin beads, and ana-
lyzed by Western blot for EGFR and c-MET. Blots are representative
of three experiments and are quantified in fig. S4A. (C) Detection of
JAK2-EGFR and SOCS5-EGFR interactions by Duolink staining in PC-
9R cells treated with AZD1480 or control for 1 hour. Scale bars, 50 um.
(D) Cell lysates from H1650 and PC-9R cells treated with control or
AZD1480 were immunoprecipitated with an antibody against EGFR or
JAK2 and analyzed by Western blot for EGFR, JAK2, and ubiquitin.
Loading controls were the heavy-chain (H-chain) immunoglobulin G (IgG)
for the co-IP, and tubulin for the input. Blots are representative of three
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experiments and are quantified in fig. S4D. (E) PC-9R cells expressing
JAK2 shRNA (JAK2sh) or vector control (Csh) constructs analyzed for
SOCS5 and EGFR interactions by Duolink staining. Scale bars, 50 um. Cell
lysates were analyzed for JAK2 and tubulin. (F) Western blot for SOCS5
and tubulin in lysates from H1975 cells expressing scrambled control or
SOCS5 shRNA (SOCS5sh). Control or SOCS5sh cells were treated with
control, AZD1480 (1 uM), or erlotinib (0.2 uM) for 1 hour and analyzed
for pEGFR, EGFR, and tubulin by Western blot. Representative blots are
shown (n = 3). (G) Tumor volumes in mice bearing H1975-SOCS5Sh xeno-
grafts and treated with vehicle or TKI (25 mg/kg per day) for 9 days. Data
are means + SEM (n = 5 to 7 mice per group). **P < 0.01, control versus
TKI (two-tailed Student’s t test). (H) Schematic depicting NSCLC cells
expressing EGFR proteins, wherein JAK2 bridges SOCS5-dependent
EGFR degradation, and inhibition or reduction of JAK2 uncouples SOCS5
from EGFR, effectively increasing EGFR abundance on the cell surface.
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Fig. 4. Enhancement of EGFR-ERK signaling by JAK inhibition is mediated
through heterodimerization between wild-type/mutant EGFR, which is abro-
gated by TKI. (A) Serum-starved H1975 cells were pretreated with AZD1480
or control (C) for 1 hour, and EGF ligand was added for the indicated times.
Surface proteins were biotinylated, precipitated with avidin resin beads, and
analyzed by Western blot for surface EGFR (sEGFR) and c-MET (sMET).
(B) Duolink staining (left) for wild-type (WT) EGFR (Myc) and mutant L858R
EGFR (MUT) interaction in H1975 cells expressing Myc-tagged WT EGFR
protein and treated with AZD 1480 or control for 1 hour. Scale bars, 50 um.
Western blot (right) in lysates from H1975 parental cells (control) and cells
expressing Myc-tagged WT EGFR were analyzed for EGFR, Myc-tagged
protein, and tubulin. (C) Top, experimental schematic in which H1975 cells
expressing both the WT (blue sphere) and EGFR-L858R/T790M gatekeeper

JAK2 inhibition increases the surface abundance of
EGFR by decreasing the association of EGFR

with SOCS5

We hypothesized that altered EGFR turnover could account for the in-
crease in EGFR abundance and signaling. We first examined the effect of
JAK inhibition on the levels of membrane-associated EGFR using flu-
orescently conjugated EGF. JAKi treatment of NSCLC cells led to an in-
crease in the surface staining of EGF-bound EGFR compared to control
(Fig. 3A). We obtained similar results using a cell surface EGFR bio-
tinylation assay, which revealed an increase in membrane-associated
EGFR in response to JAKIi, but no effect on the surface expression of
c-MET (another RTK) (Fig. 3B and fig. S4A). These experiments were
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mutant (red sphere) proteins are depicted as a single cell expressing varia-
ble amounts of each. H1975 cells were treated with either TKI (0.2 uM) or the
T790M-specific inhibitor WZ4002 (WZ; 25 nM) for 30 days, and selected
populations are depicted by their relative expression of WT and mutant
EGFR per cell. Extracts from WZ4002- and TKl-selected cells treated with
either control or AZD1480 were then analyzed by Western blot as indicated
(note that EGFR detects both WT and mutant). The growth inhibitory effects
of AZD1480 (JAKIi) in combination with erlotinib (TKI) are shown below as
representative Cls. (D) Western blotting as indicated in lysates from serum-
starved PC-9R cells treated with AZD1480 for 1 hour and then EGF for
30 min in the presence of erlotinib at the indicated concentrations. Blots in
(A), (C), and (D) are representative of three experiments each and are quan-
tified in figs. S5, A and C, and S6, respectively.

done in the absence of ligand (after extensive washing of the cells), which
suggests that JAK2 inhibition decreased ligand-independent turnover
of EGFR, thus resulting in an increase in the steady-state cell surface
EGFR/pEGFR abundance.

The turnover of EGFR occurs in a ligand-dependent and ligand-
independent manner and is regulated through a physical complex with
proteins that modify EGFR, leading to its ubiquitination by E3 ubiquitin
ligases (29). Ligand-independent degradation of EGFR is regulated in part
through suppressor of cytokine signaling (SOCS) proteins SOCS4 and
SOCSS. These highly homologous SOCS boxes containing proteins bind
constitutively to EGFR, together with elongins B/C, the cullin family of
ubiquitin ligases and ring box proteins, to enhance EGFR ubiquitination
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