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Abstract
Genetic alterations in human epidermal growth factor receptor type 2 (HER2)/epi-
dermal growth factor receptor (EGFR) are commonly associated with breast and lung 
cancers and glioblastomas. Cancers with avian erythroblastosis oncogene B (ERBB) de-
regulation are highly metastatic and can cause primary brain tumors. Currently, no pan-
ERBB inhibitor with remarkable brain penetration is available. Here, TAS2940, a novel 
irreversible pan-ERBB inhibitor with improved brain penetrability, was evaluated for its 
efficacy against several ERBB aberrant cancer models. The selectivity of TAS2940 was 
evaluated by enzymatic kinase assays. The inhibitory effects of TAS2940 against ERBB 
genetic alterations were examined using MCF10A cells expressing various HER2 or 
EGFR mutations and other generic cell lines harboring deregulated ERBB expression. In 
vivo efficacy of TAS2940 was examined following oral treatment in subcutaneous or in-
tracranial xenograft cancer models. TAS2940 was highly potent against cells harboring 
HER2/EGFR alterations. TAS2940 could selectively inhibit phosphorylation of targets 
and the growth of cancer cells with ERBB aberrations in vitro. TAS2940 also inhibited 
tumor growth in xenograft mouse models with ERBB aberrations: HER2 amplification, 
HER2/EGFR exon 20 insertions, and EGFR vIII mutation. TAS2940 was effective in the 
intracranial xenograft models of HER2/EGFR cancers and improved the survival of 
these mice. TAS2940 has promising therapeutic effects in preclinical study against can-
cers harboring HER2/EGFR mutations, especially metastatic and primary brain tumors. 
Our results highlight potential novel strategies against lung cancers with brain metasta-
ses harboring HER2/EGFR exon 20 insertions and glioblastomas with EGFR aberrations.
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1  |  INTRODUC TION

Epidermal growth factor receptor, HER2, HER3, and HER4 are ty-
rosine kinase receptors and members of the ERBB family. These 
proteins act as homo- or heterodimers and contribute to cancer pro-
liferation and progression.1 Both EGFR and HER2 act as oncogenic 
drivers in several tumor types.

The incidence of EGFR-activating mutations of exon 19 deletions 
or L858R point mutation is the most frequent (80%) of all EGFR mu-
tations in NSCLC.2,3 Such tumors are sensitive to EGFR-TKIs.4–10 
Human epidermal growth factor receptor type 2 aberrations, such as 
amplification, mutations, or overexpression, are found in various 
cancers, among which HER2 amplification in breast and gastric can-
cers have been well investigated. Several anti-HER2 agents are used 
in both HER2-positive breast and gastric cancers.11

Approximately 2%–4% of patients with NSCLC harbor HER2 exon 
20 insertions.12 However, a limited efficacy is seen in these patients 
using approved HER2-TKIs.13 Additionally, EGFR exon 20 insertions, 
accounting for approximately 0.3%–3.7% of all NSCLC cases,12 show 
poor response to EGFR-TKI monotherapies.13–17 Recently, several 
EGFR targeting drugs, such as poziotinib, mobocertinib/TAK-788, 
and amivantamab/JNJ-61186372 (anti-EGFR-MET bispecific Ab), 
have shown promising results against NSCLC with EGFR exon 20 in-
sertions.13,18–20 In NSCLC patients with HER2 mutations, [fam-] tras-
tuzumab deruxtecan/DS-8201a also showed promising results.21

Approximately 25%–40% of NSCLC and 15%–30% of breast can-
cer patients develop brain metastases.22,23 Although several promis-
ing drugs for these cancers exist, no blood–brain barrier-penetrable 
TKIs or Ab–drug conjugates have been approved for NSCLC with 
HER2/EGFR exon 20 insertions.12 Epidermal growth factor receptor 
amplification and mutations, including EGFR vIII mutations with WT 
kinase domain, have also been observed in glioblastomas.24 Hence, 
a dire need for a brain-penetrable pan-ERBB inhibitor active against 
HER2/EGFR, including exon 20 insertion mutations and EGFR vIII 
mutation, prevails.

Here, we evaluated the effects and benefits of TAS2940 against 
cancer cells harboring HER2/EGFR aberrations, using in vivo xeno-
graft mouse models.

2  |  MATERIAL S AND METHODS

2.1  |  Compounds

TAS2940 fumarate, hereafter referred to as TAS2940, was used for 
all our experiments. The doses are presented as free base equiva-
lents. TAS2940 was synthesized at Taiho Pharmaceutical Co., Ltd., as 
per the procedure described in (Figure S1). The structure was con-
firmed using electrospray ionization–mass spectrometry and nuclear 
magnetic resonance spectroscopy, and its purity was determined to 
be greater than 99% by HPLC. Lapatinib, afatinib, neratinib, and osi-
mertinib were purchased from LC Laboratories, Selleck Chemicals, 

Hangzhou APIChem Technology Co., Ltd, and ChemScene LLC, re-
spectively; tucatinib and poziotinib were obtained from Haoyuan 
ChemExpress Co., Ltd. Each compound was dissolved in DMSO for 
in vitro assays. For in vivo experiments, TAS2940 was suspended 
in 0.5% HPMC, while poziotinib and afatinib were suspended in a 
vehicle solution as described earlier.13,25

2.2  |  Enzyme assay

The kinase assays using the ERBB inhibitors were outsourced to 
SignalChem Lifesciences Corporation for HER2 mutations or Carna 
Biosciences, Inc. for HER2/EGFR WT and EGFR mutations; the 
phosphorylation of each peptide using the ADP-Glo assay or Off-
chip Mobility Shift Assay was evaluated. The IC50 value of each com-
pound against each enzyme was calculated from three independent 
experiments. The ATP concentration in the assay was set around 
Km value of each kinase for ATP. The enzymatic inhibitory effect of 
poziotinib against EGFR was provided from Carna Biosciences Inc. 
(unpublished data). The kinase selectivity of TAS2940 and poziotinib 
was assessed against a panel of 257 kinases (Carna Biosciences Inc.); 
phosphorylation of each peptide was quantified using the mobility 
shift or the IMAP assays. Inhibition rates (% inhibition) of TAS2940 
and poziotinib against 254 kinases were determined at 100× the 
concentration of each IC50 value against WT HER2, and the IC50 val-
ues against off-target enzymes were calculated using singlet assay 
in duplicate mode.

2.3  |  Mass spectrometry analysis

For intact MS analysis, recombinant human HER2 protein and 
TAS2940 were incubated, followed by LC-MS analysis using the 
Xevo G2-S QTof system (Waters Corporation). For peptide mapping 
analysis, recombinant human HER2 protein and TAS2940 were incu-
bated. After protein digestion, the peptide–compound complex was 
evaluated as described in Appendix S1.

2.4  |  Cell lines and growth inhibition assay

MCF10A cell lines stably expressing WT or mutated HER2/
EGFR genes were established by Dr. Motoki Takagi of Fukushima 
Medical University as described previously.26 NCI-H1975 EGFR 
D770_N771insSVD_Luc cells were established as reported previ-
ously.27 PDX35 fragments, patient-derived glioblastoma xenograft 
with EGFR vIII mutations, were provided by the Central Institute for 
Experimental Animals. The information of other cell lines is provided 
in Appendix S1.

All cell lines were authenticated using short tandem repeat pro-
filing before or after use. The genetically engineered cells were con-
firmed to match with each parent cell line.
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For growth inhibition assay, cell lines were incubated with test 
compounds for 3 days, and cellular viability was measured as demon-
strated in Table S1 and Appendix S1.

2.5  |  Western blot analysis

Cell lysates prepared from in vitro cultured cells or in vivo xeno-
graft tumor cells were separated using SDS-PAGE and transferred 
to PVDF membranes. After treatment with primary and secondary 
Abs, chemiluminescence images were captured by a charge-coupled 
device imager as shown in Appendix S1.

2.6  |  In-Cell Western assay

MCF10A cell lines were plated into 96-well plates at a density of 
1.0 × 104 cells/well. After 4 h of exposure to the compounds, In-Cell 
Western (Cell Signaling Technology) assay was carried out as previ-
ously described.28

2.7  |  Pharmacokinetics

The plasma concentration of TAS2940 was detected in male BALB/
cAJcl-nu/nu mice following a single or multiple oral treatments for 
7 days at 6.3, 12.5, and 25.0 mg/kg in 0.5 w/v% HPMC solution. Blood 
samples were collected in tubes containing heparin solution at 0.25, 
0.5, 1, 2, 4, 6, and 24 h postdose on day 1 and at pre- and postdose at 
0.25, 0.5, 1, 2, 4, 6, and 24 h on day 7. The plasma samples obtained 
by centrifuging blood samples (18,600 g, 3 min, 4°C) were deprotein-
ized using ethanol containing an internal standard and filtered using 
centrifugation (890 g, 5  min, 5°C). The filtrate was mixed with 50% 
acetonitrile solution, and the mixture was used for LC-MS/MS.

2.8  |  Brain penetrability

The following compounds were given to male BALB/cAJcl-nu/
nu mice: a single oral dose of lapatinib 50.0  mg/kg in 0.1  vol% 
Tween-80 + 0.5  w/v% HPMC solution, neratinib 40.0  mg/kg in 
0.4  vol% Tween-80 + 0.5  w/v% methyl cellulose 400 solution, tu-
catinib 75.0 mg/kg in 0.1 N HCl + 0.5 w/v% HPMC solution, poziotinib 
1.0 mg/kg in 3 vol% Tween-80 + 20 vol% PEG400 solution, TAS2940 
25.0 and 50.0 mg/kg in 0.5 w/v% HPMC solution, and osimertinib 
25.0 mg/kg in 0.1 N HCl + 0.5 w/v% HPMC solution. At an appropri-
ate Tmax (1 h, lapatinib; 2 h, neratinib; 1 h, tucatinib; 0.25 h, poziotinib; 
0.5 h, TAS2940; and 2 h, osimertinib), blood and brain tissues were 
collected. Plasma samples were obtained through blood centrifuga-
tion. The brain tissue samples were homogenized in 3× purified water. 
The plasma and brain homogenates were processed using the same 
method described above and subjected to LC-MS/MS analysis.

Unbound fractions of each compound in mouse plasma and 
brain homogenate samples were determined using the equilibrium 

dialysis method. Brain tissue was homogenized in 3× PBS. TAS2940 
was spiked at final concentrations of 0.2–20 μmol/L in plasma and 
0.05–5  μmol/L in brain homogenates. Similarly, other compounds 
were spiked into mouse blank plasma and brain homogenates at final 
concentrations of 10 μmol/L. Spiked plasma and brain homogenates 
were dialyzed for 6 h at 37°C under 10% CO2. After incubation, the 
samples were processed as described earlier and injected into an LC-
MS/MS system.

Brain penetrability of each compound was compared based on 
the unbound brain to unbound plasma concentration ratio (Kp,uu,brain).

2.9  |  In vivo efficacy studies

NCI-N87, MCF10A_HER2/insYVMA_v, NCI-H1975 EGFR D770_
N771insSVD (8 × 106 cells/mouse) cells, or PDX35 (approximately 
8 mm3 fragment/mouse) were subcutaneously implanted into 
6-week-old male BALB/cAJcl-nu/nu mice (CLEA Japan Inc.). Cell 
suspensions were prepared with PBS for NCI-N87 and NCI-H1975 
EGFR D770_N771insSVD, or with 50% PBS and 50% Matrigel (BD 
Biosciences) for MCF10A_HER2/insYVMA_v. After reaching ap-
proximately 100–300 mm3, mice were randomly assigned to each 
group and TAS2940, poziotinib, or vehicle (0.5  w/v% HPMC) was 
given orally once daily for 14 days in each group (n = 6), except to the 
PDX35 model, to which TAS2940, osimertinib, afatinib, or vehicle 
was given for 11 days in each group (n = 5). The TV was calculated 
using the following formula:

Bodyweight change in each mouse was monitored (Figure  S2). 
In intracranial tumor xenograft models, NCI-N87-luc or NCI-H1975 
EGFR D770_N771insSVD_Luc cells were intracranially trans-
planted into BALB/cAJcl-nu/nu mice (2.5 × 105 cells/mouse). After 
3–4 weeks of implantation, luciferin was given intraperitoneally or 
intravenously. Total flux (radiance < photons/s [p/s] > in each pixel 
summed over each target area) values were measured using the IVIS 
Lumina II Imaging System (Perkin Elmer Inc.) to confirm tumor cell 
engraftment in the mouse brain. After grouping based on the total 
flux values, TAS2940, poziotinib, or vehicle was given once daily to 
mice in each group (n = 8–10).

The MST in each group was calculated, and the log–rank test was 
used to compare survival experiences between groups. The statisti-
cal analysis was undertaken using Windows SAS system release 9.2 
or 9.4 (SAS Institute Inc.) in an EXSUS (version 8 or 10; CAC Croit 
Corporation) environment. p < 0.05 was considered statistically 
significant.

2.10  |  Immunohistochemistry analysis

Brain samples intracranially transplanted with NCI-N87-luc cells 
were collected at 4 h after multiple dosing (3 days) of 25.0 mg/kg 
TAS2940 and stained as shown Appendix S1.

TV
(

mm3
)

= (major axis[mm]) × (minor axis[mm])2 ∕2.
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3  |  RESULTS

3.1  |  TAS2940 is a highly potent selective inhibitor 
of ERBB

TAS2940 was discovered through compound-library screening and 
structure-based designing (Figure  1A). The mass of the HER2 cy-
toplasmic domain in the presence of TAS2940 was 482.4 ± 1.0 Da, 
higher than that in its absence (Figure 1B), where the mass differ-
ence nearly corresponded to the molecular weight of TAS2940 
(482.58 Da). Peptide mapping analysis indicated that TAS2940 was 
covalently bonded to the cysteine residue (Cys 805) of the recombi-
nant human HER2 protein (Figure 1C).

The IC50 values of TAS2940 against WT HER2, HER2 V777L, 
and A775_G776insYVMA were 5.6, 2.1, and 1.0  nmol/L, respec-
tively (Figure 1D). TAS2940 inhibited both WT and mutant EGFRs 
(Figure 1E), as with poziotinib (Figure S3). By contrast, lapatinib inhib-
ited WT HER2 more potently than HER2 mutant types (Figure 1D). 
We further evaluated the selectivity of TAS2940. Poziotinib inhib-
ited 41 kinases at >50% of enzymatic activity at drug concentrations 
100-fold that of the IC50 value of WT HER2 (Figure 1F, right panel 
and Table S2), whereas TAS2940 inhibited 10 kinases (Figure 1F, left 
panel and Table S2), indicating that TAS2940 is more selective than 

poziotinib, as the former shows features of an irreversible pan-ERBB 
inhibitor.

3.2  |  TAS2940 broadly inhibits the 
phosphorylation of HER2/EGFR mutant cells and 
HER2/HER3 signaling continuously in HER2-positive 
cancer cells

TAS2940 considerably decreased WT and mutant phosphorylated 
HER2/EGFR in a dose-dependent manner after 4  h of drug treat-
ment (Figure  2A, left panel). Phosphorylation of YVMA exon 20 
insertions was strongly inhibited by TAS2940, which has a similar 
target engagement pattern to that of poziotinib (Figure  2A, right 
panel and Table 1). TAS2940 also potently inhibited phosphorylation 
of EGFR in HEK293 cells transiently expressing various EGFR exon 
20 insertions after 6 h of treatment (Figure S4). TAS2940 treatment 
inhibited the phosphorylation of HER2, HER3, AKT, and ERK at con-
centrations of 10–30 nmol/L for 48 h (Figure 2B). The protein levels 
of B-cell lymphoma 2 interacting mediator of cell death (BIM) and 
cleaved PARP were markedly increased after treatment of SK-BR-3 
cells with 10–100 nmol/L TAS2940 for 48 h, similar to the effect by 
poziotinib. Treatment with lapatinib and tucatinib at 30–300 nmol/L 

F I G U R E  1  TAS2940 is a covalent 
human epidermal growth factor 
receptor type 2 (HER2)/epidermal 
growth factor receptor (EGFR) inhibitor 
containing HER2/EGFR exon 20 
insertions. (A) Chemical structure of 
TAS2940. (B) Liquid chromatography-
mass spectrometry analysis of the 
recombinant human HER2 cytoplasmic 
domain (HER2cyt). (C) MSE spectrum 
confirmation for protease-digested 
recombinant human HER2 peptide 
(LLGICLTSTVQLVTQLMPYGCLLDHVR) 
with TAS2940. (D) Kinase inhibitory 
activity of TAS2940 and approved or 
investigational HER2/EGFR inhibitors on 
HER2. (E) Kinase inhibitory activity of 
TAS2940 and approved or investigational 
HER2/EGFR inhibitors on EGFR. The 
mean ± SD of the IC50 value of each 
compound was calculated from three 
independent experiments. (F) Kinome 
inhibition plot of TAS2940 (left) and 
poziotinib (right).
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also inhibited the phosphorylation of HER2, HER3, and their down-
stream proteins. However, at 48 h, the phosphorylation of HER3 and 
its downstream targets, AKT and ERK, was increased for the both 
HER2 inhibitors (Figure 2B).

3.3  |  Effects of TAS2940 on cell proliferation with 
diverse EGFR and HER2 genetic alterations

As a control, lapatinib showed strong growth inhibitory effects on 
BT-474 and NCI-N87 cells harboring HER2 amplification (Table 2). 
However, moderate or weak effects were observed in cells with 
HER2 mutations and EGFR amplification and mutations. Neratinib 
and tucatinib inhibited the growth of HER2 amplified cells. 
TAS2940 showed potent growth inhibition in all the cells harbor-
ing EGFR/HER2 genetic aberrations, whereas almost no effect in 
NCI-H460 cells with KRAS mutation without ERBB genetic altera-
tion was observed when examined at the maximal concentration 
of 1000 nmol/L. Consistent with enzymatic assay and PD analysis, 

poziotinib showed similar growth inhibitory effects as TAS2940 in 
vitro.

3.4  |  Pharmacokinetics and PD of TAS2940 in vivo

The plasma concentration–time profiles and pharmacokinetic pa-
rameters of TAS2940 at 6.3, 12.5, and 25.0 mg/kg were evaluated 
in male BALB/cAJcl-nu/nu mice after a single oral dose (Figure 3A, 
left) or multiple oral doses for 7 days (Figure 3A, right). The Cmax and 
AUClast values increased in a dose-dependent manner (Table  S3). 
Apparent half-life values and Cmax were 0.69–2.20 h and 601–
3710 ng/ml, respectively (Table  S3). We also measured phospho-
HER2/3, phospho-AKT, and phospho-ERK levels in tumors as 
downstream key signaling PD markers after 1 h of TAS2940 treat-
ment in NCI-N87-bearing nude mice xenograft models. As indicated 
in Figure  3B,C, dose-dependent inhibition of the PD markers was 
observed, and approximately 90% of inhibition was achieved when 
the xenograft tumor model was dosed at 25.0  mg/kg (Figure  3B). 

F I G U R E  2  TAS2940 shows higher 
selectivity for human epidermal growth 
factor receptor type 2 (HER2) and 
epidermal growth factor receptor (EGFR) 
aberrations. (A) The inhibitory effect 
of TAS2940 on the phosphorylation 
of HER2/EGFR in MCF10A cells stably 
expressing WT or mutant HER2/EGFR. 
The cells were cultured with TAS2940 
or poziotinib and harvested for 4 h 
following treatment. Phosphorylation 
of HER2-Tyr1196 and EGFR-Tyr1068 
was determined by the In-Cell Western 
assay. (B) Inhibition of the HER2 signaling 
pathway and effect of TAS2940, lapatinib, 
tucatinib, or poziotinib in the SK-BR-3 
cell line. The cell line was treated by each 
compound for 3 or 48 h. Phosphorylated 
HER2, HER3, their downstream signaling 
factors, or apoptosis markers were 
detected by western blot analysis. BIM, 
B-cell lymphoma 2 interacting mediator 
of cell death; PARP, poly (ADP-ribose) 
polymerase.
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Next, we evaluated PD markers to examine the dose-dependent 
change in target engagement by western blotting. Sustained inhi-
bitions of phospho-HER2, phospho-HER3, and phospho-AKT were 
observed after 1–6 h of 25.0 mg/kg TAS2940 treatment. With re-
spect to phospho-ERK, moderate inhibition was observed by the 
TAS2940 dosing. In parallel with the decrease in phospho-HER2/3 
and phospho-AKT, cleaved PARP, as an indicator of apoptosis, in-
creased in a time-dependent manner (Figure 3D).

3.5  |  Antitumor efficacy of TAS2940 in a mouse 
subcutaneous model implanted with cancer cells with 
HER2/EGFR aberrations

Although NCI-N87 is a gastric cancer cell line, several in vivo xeno-
graft models generated using NCI-N87 cells have been used to test 
the efficacies of HER2-targeting drugs approved for HER2 ampli-
fied breast cancer.29,30 Therefore, we used the NCI-N87 xenograft 
subcutaneous tumor mouse model to initially assess the efficacy of 
TAS2940 against HER2 amplified cancer. Measurement of tumor 
volumes revealed dose-dependent antitumor effects in mice treated 
with either TAS2940 or poziotinib (Figure 4A). We found significant 
tumor regression at a dose of 12.5 mg/kg TAS2940. The maximal 
efficacy of TAS2940 was almost equivalent to that of poziotinib. 
We also confirmed the antitumor effects of TAS2940 and poziotinib 
in other xenograft subcutaneous tumor models: MCF10A_HER2 
ex20ins YVMA (Figure  4B), NSCLC H1975_EGFR_ex20ins SVD 

TA B L E  1  Inhibitory concentration 50% (IC50) values of 
compounds for phosphorylation of WT or mutated human 
epidermal growth factor receptor type 2 (HER2)/epidermal growth 
factor receptor (EGFR).

Cell lines

IC50 (nmol/L), mean ± SD

TAS2940 Poziotinib

MCF10A_HER2 2.27 ± 0.90 1.06 ± 0.13

MCF10A_HER2/S310F 1.98 ± 0.74 0.932 ± 0.038

MCF10A_HER2/L755S 3.74 ± 1.20 3.52 ± 0.18

MCF10A_HER2/V777L 1.54 ± 0.35 0.819 ± 0.121

MCF10A_HER2/V842I 3.28 ± 1.03 1.84 ± 0.24

MCF10A_HER2/
insYVMA

1.91 ± 0.84 0.956 ± 0.132

MCF10A_EGFR 9.38 ± 10.30 1.92 ± 0.99

MCF10A_EGFR (EGF+) 0.804 ± 0.311 0.576 ± 0.089

MCF10A_EGFR/
V769_D770insASV

5.64 ± 1.76 2.54 ± 0.35

MCF10A_EGFR/
D770_N771insSVD

2.98 ± 1.55 1.71 ± 0.25

Note: Inhibition of phospho-HER2 or phospho-EGFR was evaluated by 
4 h of treatment of compounds with cells expressing WT and mutated 
HER2/EGFR, and then the IC50 value was determined. Mean IC50 
values from three independent experiments are displayed with three 
significant digits, while the corresponding SD was rounded to the same 
number of decimal places as the mean.
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(Figure 4C), and glioblastoma PDX35 harboring EGFR vIII (Figure 4D). 
In H1975 EGFR ex20ins SVD, tumor growth retardation was ob-
served, whereas growth suppression or tumor regression was seen 
in the other two models.

3.6  |  Brain penetration and antitumor activity of 
TAS2940 in intracranial xenograft tumor models using 
HER2 amplification and EGFR exon 20 insertion cells

As TAS2940 was designed to penetrate the brain, we assessed the 
Kp,uu,brain of TAS2940 using male BALB/cAJcl-nu/nu mice. Brain pen-
etrability of several HER inhibitors, other than TAS2940, was also 
evaluated. As shown in Figure 5A, average Kp,uu,brain values of lapat-
inib, neratinib, tucatinib, and poziotinib were comparable. However, 
these values were much lower than that of osimertinib (0.4), which 
is known to be brain-penetrable and effective in brain metastasis in 
clinical settings. The average Kp,uu,brain value of TAS2940 at 25.0 mg/
kg was higher than that of other HER inhibitors, except osimertinib. 

The maximum Kp,uu,brain value of TAS2940 reached approximately 
0.3, indicating that TAS2940 has optimal brain penetrability.

We then evaluated the efficacy of TAS2940 in an intracranial 
NCI-N87 xenograft model. As shown in Figure 5B,C, notable tumor 
regression was shown after treatment with 20.0 or 25.0 mg/kg/day 
of TAS2940 for 21 days. However, poziotinib, which showed tumor 
regression in the subcutaneous model, failed to show tumor regres-
sion in this model due to its limited brain penetrability. Moreover, we 
examined several dosing schedules of TAS2940 in this intracranial 
model. Continuous and alternate-day administration (quaque otra 
die, QOD) triggered tumor shrinkage, and 4 days-on/3 days-off ad-
ministration induced tumor growth inhibition (Figure 5D). A reduc-
tion in the phosphorylated HER2 and Ki-67 signals was observed on 
day 3 of TAS2940 treatment (Figure 5E), indicating that the action of 
TAS2940 is mediated through phospho-HER2 inhibition.

We also investigated the efficacy of TAS2940 in an intracranial 
xenograft model generated using NCI-H1975_EGFR_exon20ins_
SVD cells harboring the luciferase gene, allowing the measurement 
of tumor volume using a bioluminescent assay. Mice were treated 

F I G U R E  3  Pharmacokinetics and 
pharmacodynamics of TAS2940 in 
NCI-N87 mouse xenograft model. (A) 
Plasma concentration profiles of TAS2940 
after a single oral treatment (left panel) or 
multiple oral treatments for 7 days (right 
panel) in male BALB/cAJcl-nu/nu mice. 
Data are shown as the mean + SD (n = 3). 
(B–D) Inhibition of phospho-human 
epidermal growth factor receptor type 
2 (HER2), HER3, and their downstream 
molecules by TAS2940 was evaluated in 
NCI-N87 nude mouse xenograft model by 
western blot analysis. Using the samples 
collected at 1 h following treatment with 
TAS2940 at various concentrations, the 
chemiluminescence signal bands for 
phospho-HER2, HER2 protein, phospho-
HER3, HER3 protein, and β-actin in (C) 
were subjected to semiquantitative 
analysis, and the phospho-HER2/HER2 
and phospho-HER3/HER3 signal ratios 
were calculated (B). Duration of inhibitory 
activity against HER2 signaling was 
confirmed after treatment with TAS2940 
at 25.0 mg/kg (D).



    |  661OGUCHI et al.

with TAS2940 for up to 39 days. On day 47, tumor volumes de-
creased, as observed with the NCI-N87 intracranial model. Survival 
studies also demonstrated the efficacy of 25.0  mg/kg TAS2940 
(Figure 5F, p = 0.0059; MST of TAS2940 group, 61 days; MST of con-
trol group, 47 days). These results illustrate the potential benefit of 
TAS2940 in patients with brain metastasis.

4  |  DISCUSSION

Here, we showed that TAS2940 is a potent, selective, and orally 
bioavailable pan-ERBB inhibitor with antitumor efficacy against 
cancers with a variety of HER2/EGFR mutations and amplifications 
both in vitro and in vivo. Although a few pan-ERBB TKIs have shown 
similar inhibition spectra for the EGFR and HER2 genes,13 TAS2940 
is unique as it possesses higher brain penetrability and shows the 
characteristic inhibition spectra for EGFR and HER2 aberrations, as 
shown herein.

Small molecule compounds with high brain penetrability have 
shown to be effective against brain metastasis.31 Additionally, a 
link between EGFR mutations and the likelihood of brain metasta-
ses exists; for instance, NSCLC with common EGFR mutations has a 
higher prevalence of brain metastasis compared with other tumor 

types.32 Osimertinib has shown similar clinical effects in both pa-
tients with and without brain metastasis31 due to its good brain 
penetrability (approximately 0.21 Kp,uu,brain in rodents).33 Another 
example is the ALK inhibitor, lorlatinib, with a Kp,uu,brain value of 
0.21 in rodents, showing an efficacy similar to that of osimertinib 
against brain metastasis. Lorlatinib has also shown efficacy in pre-
clinical models and clinical settings.34–36 Conversely, other EGFR 
TKIs with lower Kp,uu,brain values (afatinib, 0.0062; poziotinib, 0.06) 
in rodents showed highly limited efficacy in patients with brain 
metastasis. These data on other TKIs indicate that TAS2940, with 
a Kp,uu,brain value of approximately 0.3, could be brain penetrable 
in humans and might show efficacy against primary and metastatic 
brain tumors.

Although several pan-ERBB inhibitors have been developed, 
such as afatinib and dacomitinib for NSCLC with EGFR sensitizing 
mutations and neratinib for HER2-positive breast cancer,37 most 
inhibitors are ineffective against EGFR/HER2 exon 20 insertion. 
Afatinib, for instance, was evaluated for lung cancer with EGFR exon 
20 insertion in clinical trials; however, the efficacy seen in the trials 
was limited.15 Among the pan-ERBB inhibitors examined in clinical 
trials to date, poziotinib has shown relatively good clinical benefits 
in NSCLC with EGFR/HER2 exon 20 insertions.13,18,38 Poziotinib has 
shown greater activity against EGFR/HER2 exon 20 insertions than 

F I G U R E  4  Antitumor activity of 
TAS2940 in multiple mouse xenograft 
models harboring several human 
epidermal growth factor receptor type 2 
(HER2)/epidermal growth factor receptor 
(EGFR) aberrations. TAS2940, poziotinib, 
or vehicle was given orally once daily for 
14 days in subcutaneous xenograft models 
bearing (A) NCI-N87, (B) MCF10A_HER2/
insYVMA_v, or (C) NSCLC NCI-H1975 
EGFR D770_N771insSVD. (D) TAS2940, 
afatinib, osimertinib, or vehicle was 
given orally once daily for 11 days in 
subcutaneous xenograft models bearing 
glioblastoma PDX35. Data are shown as 
the mean ± SE (n = 6 in A–C; n = 5 in D).
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the approved EGFR TKIs as it tightly binds to the sterically hindered 
drug-binding pocket of such mutated proteins.13 TAS2940 showed 
potent growth inhibition and target inhibition in cell lines with EGFR 
exon 20 insertions similar to that of poziotinib, suggesting similar 
structural characteristics.

Our kinase enzymatic assays showed that TAS2940 has a higher 
selectivity than poziotinib. As TAS2940 causes minimal inhibition of 
kinases other than those of the HER family, it will show reduced tox-
icity in clinical settings. Additionally, TAS2940 shows better brain 
penetration than poziotinib, possessing a higher potential against 
brain metastasis with a higher CNS response.

Tucatinib has shown clinical benefits against brain metastasis 
in HER2-positive breast cancer patients,39 attributed to one of its 
metabolites being brain-penetrative. Compared with tucatinib, an 
ATP competitive-reversible inhibitor, TAS2940, a covalent inhib-
itor, shows more durable inhibition of the HER2/HER3 signaling 
axis and more potent antitumor effects. Another feature that dif-
ferentiates TAS2940 from tucatinib is its HER2 mutation-specific 
inhibition pattern. This makes TAS2940 clinically relevant as the 
HER2 exon 20 insertion accounts for up to 70% of lung cancers 
with HER2 mutations, and treatment of these cancers is an unmet 
medical need. Our in vitro assay as well as in vivo efficacy data 
have shown that TAS2940, unlike tucatinib, is effective in cancer 

models with HER2 exon 20 insertion and EGFR aberrations. These 
features of TAS2940 make it a unique therapeutic option for can-
cers with ERBB aberrations.

As lung and breast cancers with either EGFR or HER2 aberrations 
show a higher prevalence of brain metastasis,22,32 brain penetrabil-
ity is a key feature of candidate compounds that will determine ef-
ficacy. As glioblastoma with EGFR amplification or mutations as well 
as lung cancers having HER2 exon 20 insertion have no approved 
drugs to date, developing brain-penetrable EGFR/HER2 inhibitors 
is essential to fulfill such unmet medical needs. With a phase I trial 
ongoing (NCT04982926), our findings provide a strong rationale for 
evaluating TAS2940 in patients with HER2/EGFR aberrations, includ-
ing those with brain metastases or brain tumors.

In conclusion, our results indicate that TAS2940 is a promising 
therapeutic option for breast and lung cancers with brain metas-
tases harboring HER2/EGFR aberrations and for glioblastoma with 
EGFR aberrations.
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