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PTPN9 regulates HER3 phosphorylation during
trastuzumab treatment and loss of PTPN9 is a potential
biomarker for trastuzumab resistance in HER2 positive
breast cancer

Although trastuzumab does not bind to human epider-
mal growth factor receptor 3 (HER3), it dephosphorylates
HER3 through a previously unknownmechanism. In addi-
tion, HER3 is reactivated during prolonged trastuzumab
treatment and upon resistance [1]. Previous study showed
that tyrosine-protein phosphatase non-receptor type 9
(PTPN9) inhibits STAT3/STAT5 signalling by dephospho-
rylation of epidermal growth factor receptor (EGFR) and
human epidermal growth factor receptor 2 (HER2) in
breast cancer [2], but how this would affect HER3 was not
analyzed especially in relation to trastuzumab treatment.
We investigated the role of PTPN9 in HER3 signaling in
relation to trastuzumab treatment and resistance in HER2
positive breast cancer. The materials and methods applied
in this research were described in the supplementary
materials.
We showed that PTPN9 was upregulated after

trastuzumab treatment in both SKBR3 and BT474 cells
(Figure 1A), but this is not the case for two other PTPs
which are known to regulate EGFR and HER2 respec-
tively, PTP1B and PTPN13 [3, 4] (Supplementary Figure
S1A). The upregulation of PTPN9 occurred concomitantly
with a decrease in the phosphorylation of HER3 and
its downstream effector protein kinase B (PKB or Akt),
but not HER2 and EGFR (Figure 1A and Supplementary
Figure S1B). Moreover, HER3 and Akt were reactivated
in trastuzumab-resistant SKBR3 and BT474 cells with a
concomitant decreased PTPN9 expression. In contrast,
EGFR and HER2 phosphorylation was not decreased

Abbreviations: ADAM10/17, a disintegrin and metalloproteinase 10/17;
EGFR, epidermal growth factor receptor; HER2, human epidermal
growth factor receptor 2; HER3, human epidermal growth factor
receptor 3; IRS, immunoreactive scoring system; PDOs, patient-derived
organoids; T-DM1, ado-trastuzumab emtansine; T-Dxd, trastuzumab
deruxtecan; TMA, tissue microarray, PTPN9, tyrosine-protein
phosphatase non-receptor type 9.
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by trastuzumab treatment but was further increased
during trastuzumab resistance, which was previously
shown to be due to a disintegrin and metalloproteinase
10/17 (ADAM10/17) mediated HER ligand activation [1,
5]. In immunofluorescence studies, PTPN9 expression
was upregulated in cytoplasm and co-localized with the
cytoplasmic HER3 following trastuzumab treatment for
4 hours in both SKBR3 and BT474 cells (Supplementary
Figure S1C), correlated with a decrease of pHER3 seen
in the western blot at this time point. PTPN9 expression
was decreased again in trastuzumab-resistant BT474 and
SKBR3 cells (Supplementary Figure S1C) which was
correlated with a reactivation of HER3. Similarly, PTPN9
expression and pHER3 levels were seen to be inversely
correlated during trastuzumab treatment in MDA-MB-453
and MDA-MB-361 cells (Supplementary Figure S1D).
In relation to other anti-HER2 therapies, trastuzumab
and ado-trastuzumab emtansine (T-DM1) (and to much
lesser extent for trastuzumab deruxtecan [TDxd] but not
neratinib and pertuzumab monotherapy) could increase
PTPN9 expression (Supplementary Figure S1E), although
decreased HER3 and Akt phosphorylation was seen in
all drugs, which may reflect the different mechanisms of
action of these drugs. The trastuzumab-based combina-
tion treatment also upregulated PTPN9 expression with
concomitant decrease in HER3 and Akt phosphorylation
(Supplementary Figure S1E).
Next, we showed that PTPN9 knockdown using two

independent siRNAs counteracted the decreasing effect
of trastuzumab on HER3 phosphorylation in both SKBR3
and BT474 cells following optimization (Figure 1B and
Supplementary Figure S2A-B). PTPN9 knockdown also
decreased the anti-proliferative effects of trastuzumab
in SKBR3 cells (Supplementary Figure S2C). Using two
PTPN9-mutants (catalytically inactive PTPN9-C515S and
substrate trapping mutant PTPN9-D470A) [6], we showed
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F IGURE 1 Trastuzumab upregulates PTPN9 which is associated with HER3 dephosphorylation and PTPN9 is a potential prognostic
biomarker in HER2 positive breast cancer patients. (A) Both SKBR3 and BT474 cells were treated with 40 µg/mL of trastuzumab for indicated
times and were assayed for expression and phosphorylation of indicated proteins by western blot. Immunoblots were also performed for
indicated proteins from both trastuzumab-resistant SKBR3 and BT474 cells and after withdrawal of trastuzumab from resistant cells for 24

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12632 by Z

hixiang L
in , W

iley O
nline L

ibrary on [04/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



LETTER TO THE JOURNAL 3

that while overexpression of wild-type PTPN9 led to a
decrease of pHER3, thiswas not the case for PTPN9-D470A
and catalytically inactive PTPN9-C515S in the parental
(both untreated and trastuzumab treated) and resistant
SKBR3 cells (Figure 1C-D). Although HER2 phosphory-
lation was slightly decreased with the overexpression of
wild-type PTPN9 in the resistant cells (Figure 1D), the
activation of EGFR (Supplementary Figure S2D) was not
affected by PTPN9 over-expression.
We further investigated the interaction of PTPN9 with

HER receptors and found that there was an interaction
of PTPN9 with HER2 at baseline with an increased
interaction of PTPN9 with EGFR, HER2 and HER3 in
the parental SKBR3 and BT474 cells when treated with
trastuzumab (Figure 1E and Supplementary Figure S2E).
Upon trastuzumab acquired resistance, the interaction of
PTPN9 with EGFR but not with HER2 or HER3 (Figure 1E
and Supplementary Figure S2E) was decreased. This
suggests that although PTPN9 interacts with EGFR,
HER2 and HER3 (or their dimers ± complex) during
trastuzumab treatment, EGFR plays an important role in

HER3 dephosphorylation by recruiting PTPN9. However,
EGFR,HER2 andHER3 knockdown all led to a decrease in
trastuzumab-induced PTPN9 upregulation (Supplemen-
tary Figure S2F), indicating all three receptors are involved
in upregulating PTPN9 following trastuzumab treatment
although the exact mechanisms could be complex and
beyond the scope of this manuscript. We found that
compared to empty vector, WT PTPN9 directly interacted
with HER3 at the basal level whereas this interaction was
decreased in catalytically inactive mutant C515S and was
further reduced in the substrate trapping mutant D470A
(Figure 1F). However, reblotting of the same membrane
showed increased pHER3 in the substrate trappingmutant
D470A at baseline as result of dominant negative mutant.
Upon trastuzumab treatment, there was also increased
pHER3 in D470A whereas pHER3 was decreased in the
WT PTPN9. Thus, our results indicated that HER3 may be
a direct substrate of PTPN9.
To ensure clinical relevance, further experiments were

performed in patient-derived organoids (PDOs) with
different HER2 status, which were previously generated

hours. Actin represents equal loading control. (B) SKBR3 and BT474 cells were transfected with 50 nmol/L of control siRNA (csiRNA) and
two independent specific siRNA against PTPN9. After a total of 48 hours’ transfection, cells were treated with trastuzumab for 4 and 24 hours.
(C) SKBR3 cells were transfected with wild type (WT) and mutant PTPN9 overexpressing plasmids. Following transfection and selection with
G418, the cells were seeded and treated with trastuzumab for 72 hours. The cells were lysed and analyzed for expression of PTPN9 and level of
HER3 and HER2 phosphorylation. (D) Similarly, trastuzumab-resistant SKBR3 cells were also transfected with WT and mutant PTPN9
overexpressing plasmids and were analyzed for expression of indicated proteins. In all cases, actin was used as loading control. (E) Interaction
studies between PTPN9 and HER family receptors were performed in SKBR3 and BT474 cells ± trastuzumab for 4 hours and also in
trastuzumab-resistant SKBR3 and BT474 cells. Immunoprecipitations was performed with anti-HER3, anti-HER2, or anti-EGFR antibodies
before blotted for PTPN9 (top panels). In each case, immunoprecipitation was also blotted for the respective antibody to show equal
immunoprecipitation was performed. IgG was used as a IP control. 5% of total extracts were used as input. (F) Immunoprecipitations was
performed with anti-PTPN9 antibody using cell lysates from SKBR3 cells transfected with empty vector (EV), WT PTPN9, mutant C515S and
D470A forms of PTPN9 and were blotted for anti-HER3 or anti-pHER3 antibody. Immunoprecipitation was also done with the same antibody
to show that equal immunoprecipitation was performed. IgG used as an IP control. 10% of total extracts was used as input. (G) Patient-derived
organoids (PDOs) from HER2 ve+ (left), normal tissue (right) were treated 40 ug/mL of trastuzumab for indicated times. Expression of
indicated proteins were analysed by immunoblot. (H) Schematic illustrations of the regulation of HER3 signalling by PTPN9 in relation to
trastuzumab treatment in HER2 positive breast cancer cells: in the parental SKBR3/BT474 cells, HER receptors dimerize with each other
upon growth factor stimulation, resulting in the activation of HER3 and its downstream activator Akt, which leads to proliferation and
survival. Following trastuzumab treatment in the parental SKBR3 cells, PTPN9 expression is upregulated. It interacts with EGFR, HER2 and
HER3 although it only dephosphorylates HER3, leading to a decrease in Akt phosphorylation. In chronic exposure to trastuzumab leading to
its acquired resistance, PTPN9 expression is decreased again, resulting in the reactivation of HER3 and its downstream effector Akt.
Following an overexpression of PTPN9 in trastuzumab-resistant cells, HER3 could be dephosphorylated again leading to a decrease in Akt
phosphorylation. (I) Using the established IRS scoring system, the breast cancer patients from a cohort in Oxford (n = 59) were split into two
groups according to PTPN9 IRS scoring of either 4 (n = 50) and higher or below 4 (n = 9). PTPN9 expression was split into low and high
expression and the relapse-free survival (Left) and overall survival (Right) between the two groups was assessed by Log-rank test. (J) Similarly,
PTPN9 expression in relation to overall survival between the two groups was also assessed in all (Left upper panel), trastuzumab treated
(Right upper panel) and non-trastuzumab treated (Left lower panel) of HER2 positive patients in FinHER trial. PTPN9 expression in relation
to distant recurrence-free survival between the two groups was further assessed in HER2-positive FinHER patients. (Right lower panel)
PTPN9 expression was split into low and high expression and the time-to-distant recurrences between the two groups for all FinHER patients
was assessed by Log-rank test. Abbreviations: T-DM1, ado-trastuzumab emtansine; T-Dxd, trastuzumab deruxtecan; PDOs, patient-derived
organoids; IRS, immunoreactive scoring system; TMA, tissue microarray, PTPN9, tyrosine-protein phosphatase non-receptor type 9; EGFR,
epidermal growth factor receptor; HER2, human epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3;
ADAM10/17, a disintegrin and metalloproteinase 10/17.
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[7]. We found that PTPN9 was upregulated following
trastuzumab treatment with a concomitant decrease
in HER3 phosphorylation in a HER2+ve (IHC2+ and
FISH+ve) PDO line TS403276 (Figure 1G), which was
previously shown to recapitulate the tumour character-
istics of the parental tumour [7]. However, the inverse
relation between pHER3 and PTPN9 could also be seen
to a lesser extent in the control PDO derived from normal
breast tissue (Figure 1G) as well as a HER2-low PDO line
and a HER2 negative breast cancer PDO line (Supple-
mentary Figure S2G-H), which were previously shown
to be insensitive to trastuzumab [7]. The proposed model
of a novel interaction between PTPN9 and HER3 during
trastuzumab treatment is depicted in Figure 1H.
Next, we assessed PTPN9 levels in HER2 positive breast

cancer patients who underwent a window study [5, 8] after
IHC PTPN9 staining was optimised in BT474 cell pellets
(Supplementary Figure S3A). We showed that PTPN9 lev-
els were significantly decreased at day 21 after one dose
of trastuzumab monotherapy compared to baseline (Sup-
plementary Figure S3B, P = 0.03) although the 24-hour
post-trastuzumab treatment biopsy sampleswere not avail-
able for comparison.However, after neoadjuvant docetaxel
chemotherapy with trastuzumab when most tumours
had responded [5, 8], there was no difference in PTPN9
levels (Supplementary Figure S3C). The pre-treatment
PTPN9 levels correlated with clinical response (post/pre-
treatment tumour size) after one dose of trastuzumab at
day 21 (R2 = 0.29, P = 0.047) (Supplementary Figure S3D)
and therewas a greater decrease of tumour size for patients
with higher PTPN9 levels. However, there was no cor-
relation between baseline PTPN9 levels and changes in
tumour size at definitive surgery after neoadjuvant doc-
etaxel chemotherapy and trastuzumab treatment (data not
shown).
Using the established immunoreactive (IRS) scoring sys-

tem [9] in the tissue microarrays (TMAs) of HER2 positive
breast tumours stained for PTPN9 expression (Supplemen-
tary Figure S3E), samples were grouped into low PTPN9
(score < 4) or high PTPN9 (IRS ≥ 4). The patient and
tumour characteristics stratified by PTPN9 expression are
shown in Supplementary Table S1. There were no statisti-
cally significant differences in tumour size, nodal status,
ER status, grade of tumours, or age of patients between
patientswith lowPTPN9 andhigh PTPN9 expression (Sup-
plementary Table S1). Patients with low PTPN9 levels had
a trend towards a poorer relapse-free survival (RFS) com-
pared to patients with high PTPN9 (HR = 0.36, 95% CI
= 0.09-1.47, P = 0.156) although this was not statistically
significant (Figure 1I, left panel). However, patients with
low PTPN9 had a poorer overall survival (OS), compared
to high PTPN9 (HR = 0.12, 95% CI = 0.02-0.71, P = 0.019)
(Figure 1I, right panel), which was also confirmed in a

multivariate analysis (Supplementary Table S2). We also
assessed PTPN9 expression in breast tumours from the
FinHER trial [10] and showed that low PTPN9 levels were
significantly associated with a poorer OS (HR = 2.57, 95%
CI= 1.19-5.55,P= 0.013) in all patients (Figure 1J, upper left
panel). When further analyzing the subgroups according
to whether they were treated with adjuvant trastuzumab
or not, low PTPN9 levels was significantly associated with
a poorer OS in non trastuzumab-treated patients (HR =

3.18, 95% CI = 1.18-8.56, P = 0.016) but not trastuzumab-
treated patients (HR= 2.00, 95% CI= 0.58-6.84, P= 0.260)
(Figure 1J). In addition, there was a trend (P = 0.126) for
low PTPN9 group to have a shorter time to distant recur-
rence in all patients (Figure 1J). Similar trends were seen
in both trastuzumab-treated and non trastuzumab-treated
subgroups but they were also not statistically significant
(data not shown).
In conclusion, our results demonstrated that PTPN9was

inversely correlated with HER3 phosphorylation during
trastuzumab treatment and upon trastuzumab resistance,
implicating its role in regulatingHER3 dephosphorylation.
It may also be a novel predictive and prognostic biomarker
in HER2 positive breast cancer patients. More investiga-
tion would be required to validate PTPN9 as a predictive
biomarker for targeted therapies in various cancers and
as a potential target by allosteric inhibitor to reverse drug
resistance in cancer treatments.
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