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Oncogene HER2 is amplified in 20%-25% of human breast cancers and 6.1%-23.0% of gastric cancers, and HER2-directed therapy
significantly improves the outcome for patients with HER2-positive cancers. However, drug resistance is still a clinical challenge due
to primary or acquired mutations and drug-induced negative regulatory feedback. In this study, we discovered a potent irreversible
HER2 kinase inhibitor, CHMFL-26, which covalently targeted cysteine 805 of HER2 and effectively overcame the drug resistance
caused by HER2 V777L, HER2 L755S, HER2 exon 20 insertions, and p95-HER2 truncation mutations. CHMFL-26 displayed potent
antiproliferation efficacy against HER2-amplified and mutant cells through constant HER2-mediated signaling pathway inhibition
and apoptosis induction. In addition, CHMFL-26 suppressed tumor growth in a dose-dependent manner in xenograft mouse
models. Together, these results suggest that CHMFL-26 may be a potential novel anti-HER2 agent for overcoming drug resistance in

HER2-positive cancer therapy.

Keywords: HER2; breast cancers; gastric cancers; irreversible inhibitor; drug resistance

Acta Pharmacologica Sinica (2022) 43:2678-2686; https://doi.org/10.1038/s41401-022-00882-x

INTRODUCTION
HER2 is a receptor tyrosine kinase that belongs to the epidermal
growth factor receptor kinase family [1]. No soluble ligand has
been identified for this protein thus far, and it is activated by
heterodimerization with other members of EGFR family, such as
EGFR or HER3 [2]. The HER2-mediated signaling pathway plays an
important role in cell proliferation and survival [3]. HER2 gene
amplification and somatic mutations are closely related to cancer
cell transformation and oncogenesis [4]. Therefore, HER2 is as an
oncogene expressed in several cancers, and amplification of
HER2 has been found in 20%-25% of human breast cancers [5]
and 6.1%-23.0% of gastric cancers [6] and is thus considered a
therapeutic target for disease treatment and prognosis.

With the rapid drug discovery realized in the past few decades,
a variety of drugs with different action mechanisms targeting
HER2 have been clinically approved, such as the monoclonal
antibodies trastuzumab [7, 8] and pertuzumab [9], the antibody-
drug conjugate T-DM1 [10, 11], and the small-molecule inhibitors
lapatinib [12, 13] and neratinib [14, 15]. Although HER2-targeted
therapies have significantly improved the prognosis for HER2-
positive cancers, the use of anti-HER2 therapies is still limited, and
one reason is primary or acquired drug-resistant mutations. For
example, both the kinase domain mutation V777L and a p95
truncation mutation confer resistance to trastuzumab [16, 17],
and the L755S mutation leads to resistance to lapatinib [18, 19].

The compensatory upregulation of HER3 and downstream PI3K/
AKT signaling may also contribute to lapatinib and trastuzumab
resistance [20]. In addition, the side effects of HER2 small-molecule
inhibitors have raised concerns about their clinical use. As a pan-
HER inhibitor, neratinib shows poor selectivity between EGFR
and HER2 kinases. As a result, neratinib inhibits EGFR in normal
tissues, causing side effects that include vomiting and diarrhea
[21]. Thus, new HER2 inhibitors with the ability to overcome
drug resistance and that have a safer therapeutic window are still
in great demand.

We previously described CHMFL-26, a selective mutant-specific
EGFR inhibitor [22]. CHMFL-26 showed the ability to distinguish
between mutant and wild-type EGFR within a selectivity window
and rarely affected the proliferation of EGFR wt-expressing cells.
Here, we report that CHMFL-26 is a highly potent irreversible HER2
inhibitor that can be used to overcome drug-resistant mutations
and that displays high antitumor efficacy both in vitro and in vivo.

MATERIALS AND METHODS

Chemical reagents

CHMFL-26 and CHMFL-26R were synthesized in the laboratory
as previously described [22]; lapatinib (CAS #231277-92-2)
was purchased from Shanghai Haoyuan Chemexpress Co., Ltd.
(Shanghai, China).
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Cell lines

Transgenic BaF3 cell lines expressing HER2 mutations were
constructed in our laboratory as previously reported [23]. The
BT-474 human breast cancer cell line, OE19 esophageal carcinoma
cell line, and NCI-N87 gastric cancer cell line were purchased from
Cobioer Biosciences Co., Ltd. (Nanjing, China). The BT-474, OE19,
NCI-N87, and transgenic BaF3 cell lines were cultured in RPMI-
1640 medium (Corning, Midland, NY, USA) with 10% FBS (v/v)
(ExcellBio, Shanghai, China) supplemented with 1% penicillin/
streptomycin (v/v).

Antibodies

The anti-phospho-HER2/ErbB2(Tyr1248) rabbit mAb (#2247),
anti-phospho-HER2/ErbB2 (Tyr1221/1222) (6B12) rabbit mAb
(#2243), anti-HER2/ErbB2 rabbit mAb (#4290), anti-EGF receptor
(D38B1) XP rabbit mAb (#4267), anti-phospho-EGF receptor
(Tyr1068) (D7A5) XP rabbit mAb (#3777), anti-Akt (pan) (C67E7)
rabbit mAb (#4691), anti-phospho-Akt (Ser473) (D9E) XP rabbit
mADb (#4060), anti-phospho-Akt (Thr308) (D25E6) XP rabbit mAb
(#13038), anti-p44/42 MAPK (Erk1/2) (137F5) rabbit mAb (#4695),
anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E)
XP rabbit mAb (#4370), anti-PARP rabbit mAb (#9542), anti-
caspase-3 rabbit mAb (#9662) and anti-GAPDH XP rabbit mAb
(#D16H11) were obtained from Cell Signaling Technology
(Danvers, MA, USA). All antibodies were used at a 1:1000
dilution in immunoblotting experiments.

Biochemical assay

The enzymatic inhibition assay of CHMFL-26 was performed using
SelectScreen technology according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific).

Apoptosis assay

BT-474, OE19, and NCI-N87 cells were treated with DMSO, CHMFL-
26 (0.03, 0.1, 0.3, and 1 uM), and lapatinib (1 uM) for 24 to 48 h
before they were harvested. The cells were then washed in PBS
and lysed in cell lysis buffer for immunoblot analysis using anti-
PARP, anti-caspase-3, and anti-GAPDH antibodies.

OE19 xenograft tumor model

Five-week-old female nu/nu mice were purchased from the
Nanjing Biomedical Research Institute of Nanjing University
(Nanjing, China). All animals were housed in a specific pathogen-
free facility and used according to the animal care regulations of
Hefei Institutes of Physical Science, Chinese Academy of
Sciences (Hefei, China). Five million OE19 cells in PBS were
formulated in a 1:1 mixture with Matrigel (BD Biosciences) and
injected into the subcutaneous space on the right flank of the
nu/nu mice. Animals were then randomly assigned to treatment
groups, each with 5 mice, for efficacy studies. Daily oral
administration was initiated when tumors reached a size of
200-400 mm?3. CHMFL-26 was delivered in an HKI suspension
(0.5% methylcellulose/0.4% Tween 80 in ddH,0) by p.o. (BID). A
range of doses of CHMFL-26 or a vehicle was administered as
described in Fig. 5 legend. Body weight and tumor growth were
measured daily after CHMFL-26 treatment. Tumor volumes were
calculated as follows: tumor volume (mm?)=[(W?xL)/2], in
which width (W) was defined as the smaller of the two
measurements and length (L) was defined as the larger of the
two measurements.

Data and statistical analysis

All results are presented as the means + SEM, and Student’s t test
was performed for comparing different groups; 1Cs, and Glsg
values were calculated using Prism 8.0 (GraphPad Software, San
Diego, CA, USA) using a normalized inhibitory dose response
curve (variable slope).
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RESULTS

CHMFL-26 is an irreversible HER2 inhibitor

In a previous study [22], we described a covalent EGFR mutant-
specific inhibitor, CHMFL-EGFR-26, which selectively inhibited the
cell growth of NSCLC cells harboring EGFR mutations (EGFR
T790M, L858R, and del19). Biochemical assays showed that
CHMFL-26 also potently inhibited HER2 kinase with an ICso of
16.36 nM. However, the reversible form CHMFL-26R, which was
generated by saturation of acrylamide to propionamide almost
completely lost the activity to the HER2 kinase (Fig. 1a). In
addition, CHMFL-26 effectively inhibited the proliferation of HER2-
WT HER2-P95-BaF3 (Glsy: 6.4 nM) but not HER2-mutation at the
covalent binding site HER2-P95-C8055-BaF3 (Gl5: 3813.7 nM). The
reversible form CHMFL-26R almost completely lost the activity to
the CHMFL-26 sensitive mutants (Glsp: 1007 nM) not to mention
the CHMFL-26 insensitive mutants (Glso: >10000 nM) (Fig. 1b). We
then used a washout assay to explore the reversibility of CHMFL-
26, and the data showed that CHMFL-26 consistently inhibited
HER2 autophosphorylation in NCI-N87 cells for up to 48 h, even
after CHMFL-26 was removed at hour 4 of the experiment (Fig. 1c).
In addition, we constructed two transiently transfected cell lines
that expressed HER2-P95 and HER2-P95-C805S mutants. CHMFL-
26 inhibited HER2 phosphorylation in HER2-P95-293T cells but not
in HER2-P95-C805S-293T cells. Lapatinib, a reversible inhibitor,
inhibited HER2 phosphorylation in 293T cells transfected with
either HER2-P95 or HER2-P95-C805S plasmid (Fig. 1d). As
expected, molecular modeling of CHMFL-26 using the reported
crystal structure of HER2 kinase (PDB ID: 3RCD) suggested that the
electrophilic acrylamide is poised in a suitable position to allow
covalent bond formation with the Cys805 residue (Fig. 1e). Taken
together, the acrylamide saturation to propionamide, reactive
cysteine residue mutation, washout, and molecular docking
experiments all provided clear evidence that CHMFL-26 covalently
binds to HER2 and forms a covalent bond with the Cys805 residue.

CHMFL-26 selectively inhibits the proliferation of HER2-positive
cells

Next, we tested CHMFL-26 against a panel of cancer cell lines and
found that it exhibited potent antiproliferation effects against cell
lines with HER2 ampilifications, such as the BT-474 breast cancer
cell line (Glsg = 2.6 nM), NCI-N87 gastric cancer cell line (Glsg=
1nM), and OE19 esophageal carcinoma cancer cell line (Glso=
29 nM). Moreover, CHMFL-26 did not affect the growth of ER-
positive or triple-negative breast cancer cells, indicating that it
selectively inhibited the proliferation of HER2-positive cells. In
addition, MDA-MB-231 and MDA-MB-468 triple-negative breast
cancer cells were not sensitive to CHMFL-26 (Glso = 9300 nM and
5734 nM) (Fig. 2a). To confirm CHMFL-26 selectivity between HER2
and EGFR, we examined the phosphorylation of HER2 (EC5o = 7.6
nM) and EGFR (ECso = 64.4 nM) in NCI-N87 cells, and the results
showed that CHMFL-26 achieved greater than 8-fold selectivity
between HER2 and EGFR (Fig. 2b). These findings indicate that
CHMFL-26 potently and preferentially inhibited the proliferation of
HER2-positive cells compared to EGFR-expressing cells.

We then investigated the antiproliferation activity of CHMFL-26
against a panel of engineered BaF3 cell lines expressing wild-type
or mutant HER2 kinases. In this study, CHMFL-26 showed inhibitory
effects against cells carrying HER2 fusions (MDK-HER2-BaF3 Glso =
13 nM, ZNF207-HER2-BaF3 Glso < 1.5 nM) and displayed significant
selectivity over parental BaF3 cell lines (Glso> 10000 nM). More
importantly, the compound effectively inhibited the growth of cells
expressing lapatinib-resistant mutation HER2 L775S (Glso = 78 nM),
trastuzumab-resistant mutation HER2 V777L (Glsg = 15nM), and
truncated p95-HER2 (Glso=6.4nM), and those with de novo
resistance to covalent and noncovalent TKls HER2 exon 20
insertions (Glso = 21 nM). Consistently, the reversible form CHMFL-
26R lost inhibitory activity in all of the aforementioned sensitive
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Fig. 1 CHMFL-26 is a HER2 irreversible inhibitor. a IC5, determination of CHMFL-26, CHMFL-26R, and lapatinib with purified HER2 using the

ADP-Glo assay (n = 3). b Antiproliferative effects of CHMFL-26, CHMFL-26R, and lapatinib against HER2-p95 wt and HER2-p95-C805S mutant
transformed BaF3 cells. ¢ Inhibition of HER2 phosphorylation in NCI-N87 cells cultured with 1 uM CHMFL-26 for 4 h followed by drug wash out
for 0, 1, 2, 4, 8, 24 and 48 h. d Inhibition of HER2 phosphorylation in 293T cells transfected with HER2-p95 or HER2-p95-C805S plasmids after
treatment with CHMFL-26, CHMFL-26R and lapatinib. e The irreversible binding mode of CHMFL-26 with HER2 (PDB ID: 3RCD).
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Fig.2 CHMFL-26 can effectively inhibit cells with high HER2 expression and primary and secondary mutations. a Antiproliferative effects
of CHMFL-26 on a panel of cell lines. Cell viability was measured by CellTiter-Glo assay (error bars, the mean + SEM, n = 3). b Inhibition of HER2
and EGFR phosphorylation in NCI-N87 cells treated with CHMFL-26 for 4 h. ¢ Determination of the growth inhibition effects of CHMFL-26
against a panel of BaF3-engineered cell lines (including different HER2 fusions and mutants). Cells were treated with CHMFL-26, CHMFL-26R,
or lapatinib (maximum concentration 10 pM) for 72 h. d ECs, determination of CHMFL-26 in different HER2 fusion- and/or mutant BaF3-
engineered cell lines. The results are reported as the mean + SD of three independent experiments; ns not statistically significant; *P < 0.05,
**P <0.01, and ***P < 0.001.
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Fig. 3 CHMFL-26 can effectively inhibit the phosphorylation of HER2 and its downstream signaling pathway, arrest cell cycle
progression, induce cell apoptosis and inhibit cell colony formation in BT-474, OE19, and NCI-N87 cells. a Effects of CHMFL-26 on the
HER2 signaling pathway in BT-474, OE19, and NCI-N87 cells. b Effects of CHMFL-26 on apoptosis pathways. c Effects of CHMFL-26 on cell cycle
progression. d Effects of CHMFL-26 on the colony formation inhibition of BT-474, OE19, and NCI-N87 cells.
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b NCI-N87 cells were incubated with the indicated concentrations of CHMFL-26 or lapatinib for 3 h/48 h before lysis.

cells tested (Fig. 2c, Supplemental Table 1), which confirmed that
CHMFL-26 irreversibly binds to HER2 kinase.

To verify the on-target effect of CHMFL-26, we examined its
inhibitory effect on HER2 activation in HER2 wt and mutant BaF3
cells. CHMFL-26 effectively blocked the phosphorylation of HER2
with an ECs, of 6.5, 29.3 and 10.8 nM in MDK-HER2-BaF3, ZNF207-
HER2-BaF3 and HER2-P95-BaF3 cells, respectively. Similar inhibi-
tory activities were observed for HER2-mutant cells (HER2 L755S
ECso = 97.7 nM, HER2 V777L ECso = 18.8 nM, and MDK-HER2-ex20
Ins ECso = 30.7 nM) (Fig. 2d). These results showed that CHMFL-26
effectively inhibited the activation of HER2 kinase in both HER2-
amplified and HER2-mutant cells.

CHMFL-26 effectively blocks the oncogenic activities mediated by
HER2 kinase in HER2-positive cancer cell lines

Since HER2 inhibitors exert their pharmacological effects mainly
through inhibition of HER2 activity and its downstream signaling
pathways, we next examined the ability of CHMFL-26 to suppress
the HER2-mediated signaling pathway. Our results showed that
CHMFL-26 treatment significantly reduced the phosphorylation of
HER2 and the downstream targets Akt and ERK1/2 in HER2-
amplified BT-474, OE19, and NCI-N87 cancer cell lines (Fig. 3a).
After 24 or 48 h of treatment, CHMFL-26 also induced PARP and

Acta Pharmacologica Sinica (2022) 43:2678 - 2686

caspase-3 cleavage in a dose-dependent manner (Fig. 3b). To
investigate the mechanism by which CHMFL-26 inhibits the
growth of HER2-positive cancer cells, we performed a cell cycle
analysis with these cells. A significant increase in the number of
HER2-amplified BT-474, OE19, and NCI-N87 cells in the Go/G;
phase was observed after 24h of treatment with CHMFL-26
(Fig. 3c). In addition, CHMFL-26 dramatically inhibited colony
formation in these HER2-amplified cell lines after 7 days or 14 days
of treatment (Fig. 3d). These results revealed that CHMFL-26
effectively suppressed HER2-positive cell growth by inducing cell
cycle arrest and apoptosis.

CHMFL-26 exhibits persistent inhibition of HER2, HER3, and their
downstream signaling pathways in OE19 and NCI-N87 cells

One of the issues with lapatinib, a HER2 inhibitor approved by the
FDA for breast cancer treatment, is the reactivation of HER3, AKT,
and ERK1/2 after 48h of treatment, probably due to negative
regulatory signaling feedback [24] (Fig. 4a, b). To determine
whether CHMFL-26 can prevent this reactivation, we examined
the long-term effects of CHMFL-26 on OE19 and NCI-N87 cells
and found that it persistently inhibited HER3, AKT, and ERK1/2 for
48 h without feedback effects which had been observed in
lapatinib group.
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26 on HER2 signaling pathways in tumor tissues after the 28-day treatment period.
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CHMFL-26 inhibits tumor progression in vivo

To assess the in vivo antitumor activity of CHMFL-26, we treated
xenograft model mice inoculated with OE19 cells with different
dosages of CHMFL-26 and observed them for 28 days. CHMFL-26
displayed dose-dependent tumor growth suppression with a
tumor growth inhibition rate of 85.9%, and no mouse body weight
loss was observed (200 mg/kg dosage, bid) (Fig. 5a). In addition,
an immunohistochemical analysis showed that CHMFL-26 induced
cell apoptosis (TUNEL staining) and reduced cell growth
(Ki67 staining) in the tumor tissues (Fig. 5b). Furthermore,
CHMFL-26 persistently suppressed the phosphorylation of HER2
and the downstream targets AKT and ERK1/2 in tumor tissues in a
dose-dependent manner (Fig. 5c). However, negative regulatory
feedback of HER3 and its downstream signaling pathway was
evident in the tumor tissues of the lapatinib group. Taken
together, these results showed that CHMFL-26 exhibited potent
in vivo antitumor efficacy in HER2-positive cancer cells.

DISCUSSION
HER2-targeted therapy significantly improved the outcome of
HER2-positive cancers [25]. However, poor drug response and
drug resistance remain clinical challenges. It was reported [26]
that the MET, HER3, IGF1R, and INSR pathways are determinants of
lapatinib unresponsiveness in HER2-positive gastric cancer.
Several mechanisms contribute to drug resistance, such as gain-
of-function mutations during the long-term use of drugs and
drug-induced negative regulatory feedback [27]. Here, we report
that an irreversible HER2 inhibitor, CHMFL-26, with a pyrazolopyr-
imidine pharmacophore effectively inhibited HER2 kinase activity
and the proliferation of HER2-amplified and mutant cells.
Saturation of acrylamide to propionamide, reactive cysteine
residue mutation, washout experiments, and molecular docking
analyses provided clear evidence that CHMFL-26 covalently binds
to HER2 at the Cys805 residue in a cellular context. The effect of
the reversible inhibitor lapatinib was meaningfully different in
293T-transfected HER2-P95 and HER2-P95-C805S plasmid-carrying
cells. These results confirmed that the irreversible binding mode
observed with CHMFL-26 in the molecular docking analysis was
biologically relevant and indicated a mode of action that differs
from that of lapatinib and trastuzumab. The selective effects of
CHMFL-26 on HER2 and EGFR suggested that CHMFL-26 may
induce less side effects, such as rash, diarrhea, and hepatic
disorders [28]. CHMFL-26 intensely inhibited the proliferation of
BaF3 isogenic cell lines expressing drug-resistant HER2 kinase wt/
mutants, strongly induced cell cycle arrest and cell apoptosis, and
inhibited colony formation of HER2-positive cancer cell lines,
which indicates the capability of this compound to overcome
drug-resistant mutations at the cellular level. In addition,
consistent with irreversible inhibitors known to form stable
complexes with target enzymes [29] and to dissociate very slowly
[30], CHMFL-26 constantly blocked HER2-mediated signaling
without reactivating HER3 in OE19 and NCI-N87 cells for 48 h,
but the reactivation was particularly notable in the lapatinib
group. Additionally, after 28 days of continuous drug treatment
in vivo, CHMFL-26 maintained effective inhibition of the
phosphorylation levels of HER2, HER3, AKT and ERK in tumor
tissues. The expression of HER3 is a potential target in tumorigenic
signaling and drug resistance; in particular, the HER3 pathway is a
determinant of lapatinib unresponsiveness in HER2-positive
gastric cancer [31], which may explain the reason that lapatinib
showed a poor effect in the OE19 xenograft tumor model.
Although the short half-life of irreversible inhibitors has been
appreciated because of the possible adverse effect that they can
induce during circulation in vivo [32], the relatively short life of
CHMFL-26 (t;,, = 0.8 h) leads to relatively low in vivo efficacy [22]
and a low tumor penetration rate (Supplementary Table 2, Fig. 3).
Therefore, we needed to use a higher dosage (200 mg/kg bid, po)
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to achieve antitumor effects, which may increase the risk of side
effects. Therefore, further chemical optimization is needed to
improve the pharmacological properties of CHMFL-26.

In summary, we discovered a HER2 irreversible inhibitor,
CHMFL-26, with potent antitumor efficacy both in vitro and
in vivo in HER2-positive cancer cells. CHMFL-26 overcame
the acquired drug resistance to multiple at the cellular level and
consistently inhibited HER3 pathways both in vitro and in vivo,
making it a potential drug candidate for HER2-positive cancer
therapy.
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