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The role of HER2 and HER3 
in HER2‑amplified cancers 
beyond breast cancers
Avisek Majumder1, Manbir Sandhu2, Debarko Banerji3, Veronica Steri4, Adam Olshen4,5 & 
Mark M. Moasser1,4*

HER2 and HER3 play key driving functions in the pathophysiology of HER2‑amplified breast cancers, 
but this function is less well characterized in other cancers driven by HER2 amplification. This study 
aimed to explore the role of HER2 and HER3 signaling in other types of HER2‑amplified cancer. The 
expression and signaling activity of HER2, HER3, and downstream pathway proteins were studied in 
cell panels representing HER2‑amplified cancers of the breast, bladder, colon and rectal, stomach, 
esophagus, lung, tongue, and endometrium along with controls lacking HER2 amplification. We report 
that HER2‑amplified cancers are addicted to HER2 across different cancer types and the depth of 
addiction is best linked with the expression level of HER2, but not with HER3 expression. We report 
that the expression and constitutive phosphorylation of HER3 are ubiquitous in HER2‑amplified 
breast cancer cell lines, but much more variable in HER2‑amplified cancer cells from other tissues. We 
observed the lapatinib‑induced compensatory upregulation of HER3 signaling in many types of HER2‑
amplified cancers, although with much variability. We find that HER3 expression is essential for in vivo 
tumorigenic growth in some HER2‑amplified tumors but not others. Importantly HER3 expression 
level does not correlate well with its functional importance. More biomarkers will be needed to 
guide the optimal use of HER3 inhibitors in HER2‑amplified cancers from non‑breast origin. Unlike 
oncogenes activated through mutational events, the activation of HER2 through overexpression 
represents a gradient of activities and depth of addiction and the response to inhibitors follows a 
similar gradient.

About 20% of breast cancers are driven by amplification of the ERBB2 gene and overexpression of its gene 
product, the HER2 protein. A large body of in vitro and in vivo experimental evidence supports the notion 
that these cancers are driven by overactive and constitutive HER2  signaling1,2. This understanding has fueled 
extensive efforts to develop treatments that target the HER2 oncoprotein with several agents already approved 
for use including antibodies, antibody–drug conjugates (ADCs), and small molecule kinase  inhibitors3,4. The 
experience to date with HER2-targeting agents has revealed a degree of complexity with this amplified oncogene 
that sets it apart from oncogenes activated through gene mutation or fusion events such as EGFR or Alk in lung 
cancers, Bcr-abl in leukemias, or BRAF in melanomas. In particular, HER2 has proven to be a more effective 
target for chemodelivery or immunostimulatory agents such as antibodies or ADCs but a less effective target 
for kinase inhibitors.

Signaling in the HER family is mediated through receptor dimerization including homodimerization and 
 heterodimerization5. The signaling functions of HER2 are closely linked with its HER family partner HER3 
and this heterodimer complex forms one of the more favored and potent signaling dimers in this  family6. The 
close relationship between HER2 and HER3 extends into the realm of oncogenic  signaling7. Overexpression of 
HER2 or its mouse homolog Neu induce tumorigenesis when expressed in mouse mammary tissue, however 
these tumors fail to form if the HER3 gene is knocked out in these  tissues8. Similarly, the transcriptional or 
shRNA knockdown of HER3 in HER2-amplified human cancer cell lines suppresses their in vivo tumorigenic 

OPEN

1Department of Medicine, University of California, San Francisco, Box 3111, San Francisco, CA 94143, 
USA. 2Department of Structural Biology, St. Jude Children’s Research Hospital, 262 Danny Thomas Place, 
Memphis, TN 38105-3678, USA. 3Genentech, Inc, 1 DNA Way, South San Francisco, CA 94080-4990, USA. 4Helen 
Diller Family Comprehensive Cancer Center, University of California, San Francisco, San Francisco, CA 94143, 
USA. 5Department of Epidemiology and Biostatistics, University of California, San Francisco, San Francisco, 
CA 94143, USA. *email: mark.moasser@ucsf.edu

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-88683-w&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9091  | https://doi.org/10.1038/s41598-021-88683-w

www.nature.com/scientificreports/

 growth9,10. These experimental studies have established that HER3 is an obligate partner in HER2-induced 
mammary tumorigenesis.

The role of HER3 in HER2-driven breast cancers extends beyond its role in the genesis and growth of these 
tumors and accounts for much of the observed resistance to HER2 inhibitors. Unlike HER2, the expression of 
HER3 is highly dynamic and highly  regulated11,12. Its requisite function in HER2-amplified cancers is accom-
plished without significant overexpression. However HER3 is linked in a negative feedback circuit with down-
stream PI3K/Akt signaling and any attempts to suppress HER2-HER3 or downstream PI3K/Akt signaling using 
pharmacologic means induces a compensatory upregulation of HER3 within hours that functions to restore 
HER2-HER3 signaling output in the face of continued pharmacologic  suppression13–15. This resiliency mitigates 
the efficacies of all HER2 inhibitors and underlies their modest clinical activities in the treatment of HER2-
amplified breast  cancers16–19. The HER3 kinase domain is catalytically inactive and it functions predominantly 
as an allosteric activator of the other HER family kinase domains, such as it does with  HER220. Its compensatory 
upregulation enables more efficient signaling in partnership with any residual HER2 kinase  activity13,14. These 
findings have redefined the HER2-HER3 complex as the functionally relevant tumor driver in HER2-amplified 
tumors and established the bar for the development of therapies with much higher clinical efficacies. Efforts are 
underway to develop effective inhibitors of HER3 to combine with inhibitors of HER2 for much more effective 
treatment of HER2-amplified breast cancers.

The more recent genomic characterization of human cancers has revealed that the amplification of HER2 is 
seen in many types of epithelial cancers other than breast cancers, albeit at lower percentages. HER2 amplification 
is seen in cancers of the stomach and esophagus, colon, bladder, endometrium, salivary gland, lung, ovaries and 
other  tissues21–30. The role of HER2 and HER3 in these other types of HER2-amplified cancers is less well defined 
than in breast cancers. Therefore, we set out to collect a panel of HER2-amplified cancer cell lines across tissue 
types to begin to determine whether the pathophysiology of HER2-amplified cancers is similar to breast cancers 
in other tumor types or whether there are significant differences. Some of the questions we asked were whether 
all HER2-amplified cancers are addicted to HER2, whether all HER2-amplified cancers express and require 
HER3, and whether they all exhibit the drug-induced compensatory upregulation of HER3. This undertaking 
involved the study of forty six cell lines in biological and signaling studies in vitro with three of them taken to 
xenograft models for in vivo studies.

Results
We collected a panel of cancer cell lines with HER2 amplification from eight different tissue types (breast, 
bladder, colon, stomach, esophageal, lung, tongue, and endometrium). As a comparator for each tissue type, 
we also included one or more cancer cell lines without amplification of HER2. The relative expression and 
phosphorylation of HER2, HER3 and downstream signaling proteins were evaluated and compared by western 
blotting (Fig. 1). The relative amplification of the ERBB2 gene was assessed by qPCR (Fig. 2). The ERBB2 gene 
was quantified relative to the gastrin gene 2 MB upstream as control and thus functions as an imperfect surro-
gate for gene copy number that may not mirror copy number data available from other techniques. As expected, 
HER2 gene amplification correlates with HER2 protein expression across the cell panel. The expression of HER2 
shows great variability among HER2-amplified cancer cell lines (Fig. 1). The expression of HER3 is ubiquitous 
in HER2-amplified breast cancer cell lines and while it is also expressed in many HER2-amplified cancer cells 
from other tissues, this expression varies considerably.

Some HER2-amplified cancer cells show very low HER3 protein expression (MKN7, VMRCLCP, USPC-
ARK1, H2170). The constitutive phosphorylation of HER3 is seen predominantly in HER2-amplified cancer 
cells. However a few gastric and esophageal cancers without HER2-amplification show phosphorylation of 
HER3, suggesting the possibility of ligand-driven signaling or receptor cross-talk in these cancer cells (KatoIII, 
SNU-5, SNU-16, TE-7). Overall Akt and MAPK signaling showed a poor correlation with HER2 and HER3 
signaling across the cell panel.

Most HER2-amplified and HER2 overexpressing breast cancer cells undergo apoptotic cell death following 
treatment with the HER family selective inhibitor lapatinib (Fig. 3). This correlates with the degree of HER2 
protein overexpression. MDA-361 and UACC732, although frequently characterized as HER2 over-expressing 
cancer cells, have relatively lower expression of HER2 and show little apoptotic effects following lapatinib treat-
ment (Fig. 3). Among all HER2-amplified cancer cells, the apoptotic response to lapatinib generally correlates 
with the level of HER2 protein overexpression. Cancer cells with high HER2 overexpression such as N87, OE19, 
TE-4, and USPC-ARK2 show substantial apoptotic response to lapatinib treatment, while others with low levels 
of HER2 overexpression such as MKN7, OE-33, KYSE-410, and ARK4 do not. The relationship between the level 
of HER2 expression and the depth of HER2 addiction measured by the amount of lapatinib-induced apoptosis 
is significant with a Spearman correlation coefficient of 0.86 (Fig. 4A). There are a few cancer cells that have a 
mechanism-based resistance to lapatinib-induced apoptosis. HCC1569 cells have high HER2 over-expression, 
but the loss of PTEN in these cells accounts for high constitutive Akt signaling that mediates resistance to 
lapatinib-induced apoptosis. This has been well described and can be reversed by inhibition of PI3Kα35. Two 
other cell lines that appear to be entirely resistant are CLS-439 bladder cancer and USPC-ARK1 endometrial 
cancer cells which have high HER2 overexpression but little lapatinib-induced apoptosis. The mechanistic basis 
for lapatinib resistance in these cells is currently unknown. If these three resistant cells are excluded from the 
analysis (HCC1569, CLS-439, USPC-ARK1), the relationship between HER2 levels and depth of HER2 addic-
tion is even stronger with a Spearman correlation coefficient of 0.90 (Fig. 4B). None of the negative control cell 
lines in this panel, which lack HER2 protein overexpression, show an apoptotic response to lapatinib. Similarly, 
the gastric cell lines with constitutive HER3 phosphorylation (KatoIII, SNU-6, SNU-16, TE-7) do not exhibit an 
apoptotic response to lapatinib treatment. P-HER2 generally correlates with HER2 levels and similarly correlates 
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with depth of HER2 addiction (Fig. 4C). The level of HER3 phosphorylation also somewhat parallels the levels 
of HER2 and p-HER2 and similarly shows a reasonable correlation with the depth of HER2 addiction (Fig. 4D). 
However there is no correlation between level of HER3 expression and the depth of addiction to HER2.

We assessed whether inhibition of HER2 induces compensatory HER3 upregulation or rephosphorylation in 
these HER2-amplified cancer cells. This was assayed over a 48 h timepoint following lapatinib treatment. Almost 
all HER2-amplified cancer cells show only a transient HER3 inactivation and HER3 is eventually rephosphoryl-
ated over time (Fig. 5). The exception is MKN7 which appears to lack detectable constitutive phosphorylation 

Figure 1.  HER2/HER3 expression and signaling in a panel of cancer cells. Cell lysates from a panel of HER2-
overexpressing cancer cell lines were immunoblotted as indicated. For each subtype of cancer, cell lines without 
HER2 overexpression were also used as comparators. The three gels were run and transferred simultaneously 
and the immunoblots were performed simultaneously using the same primary and secondary immunoblotting 
solution preparations.

Figure 2.  HER2 gene amplification in a panel of cancer cells. HER2 gene amplification status was assayed in 
the cell panel by qPCR using the gastrin gene as a chromosome 17 control. The data is shown as the average of 
triplicates with error bars indicating Std Dev.
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Figure 3.  HER2 addiction in a panel of cancer cells. Cell lines were treated with 5uM lapatinib for 48–72 h and 
apoptotic cell death was assayed by flow cytometry analysis. The data plotted is the increase in % apoptosis over 
the DMSO control. The data shown here is from one experiment.

Figure 4.  Correlation of HER2 addiction with protein levels. The level of expression of the indicated proteins 
was quantified by densitometry and plotted against the depth of HER2 addiction (measured as % lapatinib-
induced apoptosis). The Spearman correlation coefficients were calculated and are shown for each protein or 
phosphoprotein. The data points for the 3 cells lines HCC1569, CLS-439, and USPC-ARK1 are shown in the 
circle. For parts B-D these three were omitted in the analysis.
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of HER3. The dynamics of HER3 are quite variable across different cell lines. Some HER2-amplified cell lines 
(HCC1569, UACC732, CLS439, M090, MKN7, TE4, VMRCLCP, and BICR16) showed complete dephospho-
rylation of HER3, whereas some cell lines (SUM190, KYSE410, TE7, OE33, Calu3, USPC-ARC2, and TEN) 
showed partial HER3 dephosphorylation in the short timepoint following lapatinib treatment. However all 
HER2-amplified cancer cells do show a compensatory increase in HER3 expression, albeit to different extents 
and with different dynamics. Some cancer cells also show an increase in HER2 protein expression over time 
(HCC1954, UACC732, MKN7, and BICR16) following lapatinib treatment.

Figure 5.  The compensatory dynamics of HER3 signaling in HER2-amplified cancer cells. The indicated cell 
lines were treated with 200 nM lapatinib for the indicated time course and cell signaling studied by western 
blotting as shown. The majority of these blots reflect single experiments.
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Three HER2-amplified cancer cells from non-breast origin (OE19, N87, and H2170) were selected to deter-
mine whether HER3 is essential for tumor growth. H2170 cells were chosen due to their barely detectable HER3 
expression in cell culture since in vivo growth may yet involve the conditional or transient expression of HER3. 
These cells were engineered to express HER3 shRNA leading to effective knock-down of HER3 expression 
(Fig. 6A). Overall tumor growth was reduced upon HER3 knockdown (Fig. 6B–D). This was most significant in 
H2170 cells which have the lowest HER3 expression in cell culture. The growth of N87 and OE-19 cancer cells 
was also suppressed by HER3 knockdown, albeit to a lesser extent. The knockdown was confirmed on the in vivo 
tumors upon termination of studies (Fig. 6E).

Discussion
Oncogenes are important biologic drivers of cancer initiation and progression. This has fueled extensive efforts 
in the field of drug development and cancer therapeutics to treat cancers by targeting their driving oncogenes. 
This has been successfully translated to practice in the treatment of many cancers including EGFR-driven lung 
cancers, BRAF-driven melanomas, Bcr-abl driven leukemias, and many other types of cancer. An important 
lesson learned from the plethora of clinical trials of oncogene-targeting drugs that have been undertaken in the 
past decades has been that the disease context matters. Targeting an oncogene in one type of cancer may prove 
highly effective whereas targeting the same oncogene in another type of cancer may be ineffective. Targeting the 
BRAF V600E oncogene with a single BRAF inhibitor shows response rates of approximately 50% in melanomas 
or non-small cell lung cancers, but no activity in colorectal cancers, anaplastic thyroid cancers, or several other 
types of  cancers36–38. PI3K inhibitors have significant efficacy in the treatment of PIK3CA-mutant breast cancers 
but far less activity in PIK3CA-mutant cancers of other  organs39,40. Therefore it is apparent that oncogenes func-
tion in a context dependent manner and their biological roles are intimately linked with tissue specific signaling.

In this work, we sought to explore the role of the HER2-HER3 tumor driver in disease contexts outside of 
breast cancers. HER2 amplification was originally described in breast cancers and extensive work has been done 
to understand HER2 signaling, biology, and therapeutics in this disease context. Particularly revealing has been 
the role of HER3 as an essential partner for HER2 in breast cancers and extensive efforts are ongoing to develop 
effective inhibitors of HER3 for combination HER2 and HER3 targeting of this disease. Whether these concepts 
and applications are relevant to HER2-amplified cancers originating in other organs remains unknown and our 
study is an effort in a limited set of cancer cell lines to begin to explore this knowledge gap. Our study confirms 
the biological relevance of amplified and overexpressed HER2 across diverse tumor types, but some differences 
are suggested. We found that the level of HER2 protein overexpression is linked with the degree of tumor addic-
tion to HER2 such that tumors that are considered HER2 overexpressing, but at lower levels of expression and 
autophosphorylation than seen in other tumors, appear to have less apoptotic response to lapatinib. This implies 
that the concept of a driver oncogene is not a binary designation, but rather can manifest along a gradient of 
oncogene dependencies. This is unique to oncogenes activated through amplification and overexpression, such 
as HER2, and lies in sharp contrast to oncogenes activated through mutational or fusion events. We observed 
that the expression and role of HER3 is not the same across the spectrum of HER2-amplified cancers. Although 
ubiquitously expressed in HER2-amplified breast cancers, its expression is variable in other cancers and unde-
tectable in some cancer cells. However the level of HER3 protein expression does not reflect the dependency on 
HER3. This is best seen with H2170 lung cancer cells in which HER3 expression is barely detectable in tissue 
culture, but their tumorigenic growth is clearly stunted by expression of HER3 shRNA. On the other hand N87 
and OE-19 gastric cancer cells have high expression of HER3 but their tumorigenic growth is less affected by 
HER3 knockdown. In breast cancers, the HER3 dependency is well established and shRNA knockdowns and 
Crispr knockouts of HER3 have shown complete suppression of in vivo growth in multiple HER2-amplified 
breast cancer cell  lines9,31,41.

The expression of HER3 is dynamic and significantly induced in HER2-amplified breast cancers when treated 
with HER2  inhibitors13–15. In this study, we find that the compensatory increase in HER3 expression or phospho-
rylation and/or the restoration of HER3 phosphorylation with prolonged lapatinib treatment is seen in some, but 
not all HER2-overexpressing cancers. The different extent and dynamics of this compensatory response is only 
consistent with the multitude of mechanisms that mediate it, and which may vary dependent on the cell  context11. 
This highlights the differences in circuitry between cancer types and between individual cases of cancer. There 
is also a lapatinib induced increase in total HER2 levels in some, but not other, cancer cell lines. This has been 
reported with lapatinib treatment in some cell  lines42.

Collectively these data do not support a uniform role for HER3 in all types of HER2-amplified cancers and 
suggest that its role is dependent on the disease context, and possibly even on the specific case context. These 
data also reveal the lack of direct link between the expression of HER3 and its functional importance suggesting 
that the expression of HER3 may not be a valid biomarker for emerging HER3 inhibitors. There are a number 
of HER3 inhibitors in the pharmaceutical pipelines including antibodies that target the extracellular domain 
of HER3 and small molecules targeting kinase domain or other functions of  HER343–53. The evidence suggests 
that HER3 is a valid co-target in the treatment of all HER2-amplified breast cancers. But this work suggests that 
HER3 does not have the same essential function in all HER2-amplified cancers of other tissue types, and the 
expression of HER3 is not a valid biomarker for its functional relevance.

The data do further strengthen the validity of HER2 expression levels as a predictive biomarker. These data 
support the notion that the depth of addiction to HER2 and thus the sensitivity to HER2 inhibitors correlates 
well with the level of HER2 overexpression. This will be relevant as more effective HER2 inhibitors are developed 
that can more potently inactivate this resilient target.
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Figure 6.  The requirement for HER3 in HER2-amplified tumorigenic growth. (A) HER3 expression was 
knocked down by shRNA targeting in the indicated HER2-amplified cancer cell lines. Control cells express a 
scrambled shRNA sequence. (B–D) NSG mice were inoculated subcutaneously with these engineered tumor 
cells and their in vivo growth rates monitored over the indicated time span. The total sample sizes were n = 19 
(OE-19), n = 19 (H2170), and n = 20 (N87) and the errors bars indicate the standard error of the mean. (E) 
Tumors from these mice were harvested at the time of termination of the study and lysates immunoblotted as 
indicated to confirm the persistent knockdown of HER3 in vivo.
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Methods
Cell culture and reagents. A total of forty-six cancer cell lines were used in this study, which comprised of 
12 breast cancer cell lines (T47D, MDA-231, MCF7, SkBr3, BT474, MDA-361, MDA-453, HCC1569, HCC1954, 
HCC1419, UACC732, and SUM190), 2 bladder cancer cell lines (T24 and CLS-439), 3 colon cancer cell lines 
(HCT-116, HT29, and M090), 8 gastric cancer cell lines (AGS, KatoIII, SNU-1, SNU-5, SNU-16, MKN-7, N87, 
and OE19), 7 esophageal cancer cell lines (TE-7, OE-21, BIC-1, SEG-1, TE-4, OE-33, and KYSE-410), 6 lung 
cancer cell lines (H460, H1703, H838, VMRCLCP, H2170, and Calu3), 2 tongue cancer cell lines (Cal27 and 
BICR-16), and 6 endometrium cancer cell lines (TEN, USPC-ARC1, USPC-ARC2, USPC-ARC4, USPC-ARC7, 
and Hec1A). The source of each cell line is described in Supplementary table 1. All cells tested negative for 
mycoplasma contamination by polymerase chain reaction (PCR) and were subsequently grown in fresh medium 
(RPMI1640, DMEM/F12, Myco’s 5A, MEM) supplemented with 10% fetal bovine serum (Gemini Bio-Prod-
ucts) and penicillin and streptomycin (ThermoFisherScientific). Lapatinib was purified from Tykerb tablets by 
organic extraction as previously  described13.

Apoptosis assays. Cells were washed three times in PBS and stained with an apoptosis detection kit 
(BMS500FI/300, eBioscience) consisting of FITC-conjugated annexin V and propidium iodide (PI) following 
the vendor’s recommendation. The stained samples were assayed using an LSR II (BD) flow cytometer and ana-
lyzed using FlowJo software.

Generation of HER3 knockdown cells. Small hairpin RNA (shRNA) sequences (HER3-specific and 
scrambled) were cloned into pSuperior vector (Oligoengine) containing a neomycin resistance cassette as a 
selectable marker. Then both shRNAs (HER3-specific and scrambled) were transfected into Phoenix cells using 
Lipofectamine 2000 reagent as per recommended protocol provided with the kit. After 72Hrs of transfection, 
media containing live virus was collected and filtered using a 0.45uM filter. Afterward, this viral supernatant was 
concentrated using Retro-X concentrator as per manufacturer protocol. Next, the viral particle was diluted in the 
respective media, combined with polybrene (4ug/ml), and then added to the cells (OE19, N87, and H2170) that 
have been seeded the previous day. After infection, cells were allowed to recover for 72hrs and selected in G418 
(400 μg/ml) antibiotic. The shRNA sequences are below.

HER3 shRNA:
5′-AGC TTA AAA AAA GAG GAT GTC AAC GGT TAT CTC TTG AAT AAC CGT TGA CAT CCT CTTGG-3’.
control shRNA:
5′-AGC TTT TCC AAA AAC CTA AGG TTA AGT CGC CCT TCT CTT GAA AGG GCG ACT TAA CCT TAG 

GGG-3’.

Western blotting and antibodies. Western blot analysis was performed as previously  described31. 
Briefly, cell lysates were made in mRIPA buffer (containing 150 mmol/L NaCl, 0.1% SDS, 1% Nonidet P40, 1% 
sodium deoxycholate and 10  mmol/L sodium phosphate, pH 7.2), which was supplemented with leupeptin, 
aprotinin, phenylmethylsulfonyl fluoride (PMSF), sodium vanadate, and phosphatase inhibitor cocktail (Roche 
# 04906845001). The protein concentrations were estimated by the Pierce BCA assay (ThermoFisherScientific). 
Equal amounts of protein (50 ugs) were resolved on 8–10% denaturing SDS polyacrylamide gel and transferred 
onto a PVDF membrane. The membranes were blocked with 3% bovine serum albumin (BSA), stained with 
primary antibodies overnight at 4 °C, washed 3 times with TBST (Tris-buffered saline containing 1% Triton-
X-100), stained with secondary antibodies for 1 h at room temperature and detected using chemiluminescence. 
Antibodies for HER3 (5A12) (#81,455), HER2 (C18) (#284), actin (#1616) were purchased from Santa Cruz 
Biotechnology. Antibodies for p-HER2Y1248 (#2247), p-HER3Y1289 (#4791S), p-HER3Y1197 (#4561S), 
p-HER3Y1222 (#4784S), pAKT-T308 (#4056)/ pAKT-S473 (#4058), p-MAPK (#9101), MAPK (#9102) were 
purchased from Cell Signaling Technology. Horseradish peroxidase-conjugated secondary antibodies were from 
Santa Cruz Biotechnology (mouse and goat) and GE Healthcare (rabbit).

HER2 gene amplification assay. HER2 gene amplification was quantified using Gastrin as a chromo-
some 17 reference gene as has been previously reported and  validated32–34. Genomic DNA was purified from 
cells using Qiagen kits. 10 ng of genomic DNA was used in a real-time multiplex PCR reaction using 500 μm 
of HER2 primers (Fwd: ATC TGC CTG ACA TCC ACG; Rev: GCA ATC TGC ATA CAC CAG TTC), 700  μM of 
Gastrin primers (Fwd: TCT GAA GCT TCT TGG AAG CC; Rev: CCA GCT GCC TTC GATGA), and 250  μM of 
Taqman probes for HER2 (6FAM- AGC TTA TGC CCT ATG GCT -MGBNFQ) and Gastrin (VIC-AGA TGC ACC 
CTT AGG TAC A-MGBNFQ) in the Taqman master mix (Thermofisher). Reactions were run on a BioRad iCycler 
realtime detection system for one cycle at 95C × 10 min followed by 60 cycles of 95C × 15 s, 60C × 30 s, 72C × 10 s 
and calculated using the Biorad C1000 manager software. Data are shown as a ratio of HER2/Gastrin genes.

Mouse xenograft growth assays. All mice studies were reviewed and approved by the UCSF Institu-
tional Animal Care and Use Committee (IACUC) and conducted in accordance with the relevant guidelines and 
regulations. These experiments are reported in accordance with the ARRIVE Guidelines. A total of 2 ×  106 OE19, 
N87, H2170 cells (100 μl, 1:1 matrigel: serµm-free RPMI) were implanted subcutaneously in the flanks of female 
NSG mice (NOD SCID gamma mouse) at 6 to 8 weeks of age. Approximately 20 age-matched mice were used for 
each tµmor model and assigned randomly to each experimental group using the stratified randomization model 
of the StudyLog Desktop software. Tµmor growth was assessed weekly by caliper measurement.



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9091  | https://doi.org/10.1038/s41598-021-88683-w

www.nature.com/scientificreports/

From each group mice (HER3 shRNA and Control shRNA), 4 tumor samples were collected and stored at 
− 80 °C until further use. On the final day, all samples were removed from the freezer and placed in dry ice. Then 
samples were pulverized using BioPulverizer and liquid nitrogen to make powder. Later, samples were mixed 
with mRIPA buffer and kept 30 mins on ice. After 30 mins, the samples were spun down at 14,000 rpm for 
10 min (4 °C) and the clear supernatants were quantified using the BCA methods and analyzed by SDS-PAGE 
and immunoblotting.

Statistical analysis. For comparison of the arms in the mouse xenograft assays, the area under the curve 
for each mouse was computed after taking the square root of volume measurements and the difference in AUCs 
between the two groups was calculated using the Wilcoxon rank sum test. For the HER2/p-HER2/HER3 correla-
tions with apoptosis, the Spearman coefficient values were calculated and the graph was plotted using GraphPad 
Prism.

Received: 13 December 2020; Accepted: 8 April 2021

References
 1. Moasser, M. M. The oncogene HER2: Its signaling and transforming functions and its role in human cancer pathogenesis. Oncogene 

26, 6469–6487 (2007).
 2. Ursini-Siegel, J., Schade, B., Cardiff, R. D. & Muller, W. J. Insights from transgenic mouse models of ERBB2-induced breast cancer. 

Nat. Rev. Cancer 7, 389–397 (2007).
 3. Ahmed, S., Sami, A. & Xiang, J. HER2-directed therapy: Current treatment options for HER2-positive breast cancer. Breast Cancer 

(Tokyo, Japan) 22, 101–116. https:// doi. org/ 10. 1007/ s12282- 015- 0587-x (2015).
 4. Moasser, M. M. Two dimensions in targeting HER2. J. Clin. Oncol. 32, 2074–2077. https:// doi. org/ 10. 1200/ jco. 2014. 55. 7652 (2014).
 5. Roskoski, R. Jr. The ErbB/HER family of protein-tyrosine kinases and cancer. Pharmacol. Res. 79, 34–74. https:// doi. org/ 10. 1016/j. 

phrs. 2013. 11. 002 (2014).
 6. Tzahar, E. et al. A hierarchical network of interreceptor interactions determines signal transduction by Neu differentiation factor/

neuregulin and epidermal growth factor. Mol. Cell. Biol. 16, 5276–5287 (1996).
 7. Alimandi, M. et al. Cooperative signaling of ErbB3 and ErbB2 in neoplastic transformation and human mammary carcinomas. 

Oncogene 10, 1813–1821 (1995).
 8. Vaught, D. B. et al. HER3 is required for HER2-induced preneoplastic changes to the breast epithelium and tumor formation. 

Cancer Res. 72, 2672–2682. https:// doi. org/ 10. 1158/ 0008- 5472. can- 11- 3594 (2012).
 9. Lee-Hoeflich, S. T. et al. A central role for HER3 in HER2-amplified breast cancer: Implications for targeted therapy. Cancer Res. 

68, 5878–5887 (2008).
 10. Holbro, T. et al. The ErbB2/ErbB3 heterodimer functions as an oncogenic unit: ErbB2 requires ErbB3 to drive breast tumor cell 

proliferation. Proc. Natl. Acad. Sci. U.S.A. 100, 8933–8938 (2003).
 11. Amin, D. N., Sergina, N., Lim, L., Goga, A. & Moasser, M. M. HER3 signalling is regulated through a multitude of redundant 

mechanisms in HER2-driven tumour cells. Biochem. J. 447, 417–425. https:// doi. org/ 10. 1042/ bj201 20724 (2012).
 12. Mujoo, K., Choi, B.-K., Huang, Z., Zhang, N. & An, Z. Regulation of ERBB3/HER3 signaling in cancer. Oncotarget 5, 10222–10236 

(2014).
 13. Amin, D. N. et al. Resiliency and vulnerability in the HER2-HER3 tumorigenic driver. Sci. Transl. Med. 2, 16–17. https:// doi. org/ 

10. 1126/ scitr anslm ed. 30003 89 (2010).
 14. Sergina, N. V. et al. Escape from HER-family tyrosine kinase inhibitor therapy by the kinase-inactive HER3. Nature 445, 437–441 

(2007).
 15. Garrett, J. T. et al. Transcriptional and posttranslational up-regulation of HER3 (ErbB3) compensates for inhibition of the HER2 

tyrosine kinase. Proc. Natl. Acad. Sci. U.S.A. 108, 5021–5026. https:// doi. org/ 10. 1073/ pnas. 10161 40108 (2011).
 16. Burstein, H. J. et al. A phase II study of lapatinib monotherapy in chemotherapy-refractory HER2-positive and HER2-negative 

advanced or metastatic breast cancer. Ann. Oncol. 19, 1068–1074. https:// doi. org/ 10. 1093/ annonc/ mdm601 (2008).
 17. Blackwell, K. L. et al. Randomized study of Lapatinib alone or in combination with trastuzumab in women with ErbB2-positive, 

trastuzumab-refractory metastatic breast cancer. J. Clin. Oncol. 28, 1124–1130. https:// doi. org/ 10. 1200/ JCO. 2008. 21. 4437 (2010).
 18. Toi, M. et al. Lapatinib monotherapy in patients with relapsed, advanced, or metastatic breast cancer: Efficacy, safety, and biomarker 

results from Japanese patients phase II studies. Br. J. Cancer 101, 1676–1682. https:// doi. org/ 10. 1038/ sj. bjc. 66053 43 (2009).
 19. Burstein, H. J. et al. Neratinib, an irreversible ErbB receptor tyrosine kinase inhibitor, in patients with advanced ErbB2-positive 

breast cancer. J. Clin. Oncol. 28, 1301–1307. https:// doi. org/ 10. 1200/ jco. 2009. 25. 8707 (2010).
 20. Jura, N., Shan, Y., Cao, X., Shaw, D. E. & Kuriyan, J. Structural analysis of the catalytically inactive kinase domain of the human 

HER3 receptor. Proc. Natl. Acad. Sci. U.S.A. 106, 21608–21613 (2009).
 21. Ooi, A., Kobayashi, M., Mai, M. & Nakanishi, I. Amplification of c-erbB-2 in gastric cancer: Detection in formalin-fixed, paraffin-

embedded tissue by fluorescence in situ hybridization. Lab. Invest 78, 345–351 (1998).
 22. Bizari, L. et al. Alterations of the CCND1 and HER-2/neu (ERBB2) proteins in esophageal and gastric cancers. Cancer Genet. 

Cytogenet. 165, 41–50. https:// doi. org/ 10. 1016/j. cance rgenc yto. 2005. 08. 031 (2006).
 23. Saffari, B. et al. Amplification and overexpression of HER-2/neu (c-erbB2) in endometrial cancers: Correlation with overall survival. 

Cancer Res. 55, 5693–5698 (1995).
 24. Cornolti, G. et al. Amplification and overexpression of HER2/neu gene and HER2/neu protein in salivary duct carcinoma of the 

parotid gland. Arch. Otolaryngol. Head Neck Surg. 133, 1031–1036. https:// doi. org/ 10. 1001/ archo tol. 133. 10. 1031 (2007).
 25. Cox, G. et al. Herceptest: HER2 expression and gene amplification in non-small cell lung cancer. Int. J. Cancer 92, 480–483 (2001).
 26. Junker, K. et al. HER2/neu expression and amplification in non-small cell lung cancer prior to and after neoadjuvant therapy. Lung 

cancer (Amsterdam, Netherlands) 48, 59–67. https:// doi. org/ 10. 1016/j. lungc an. 2004. 10. 010 (2005).
 27. Santin, A. D. et al. Amplification of c-erbB2 oncogene: A major prognostic indicator in uterine serous papillary carcinoma. Cancer 

104, 1391–1397. https:// doi. org/ 10. 1002/ cncr. 21308 (2005).
 28. Lassus, H. et al. ERBB2 amplification is superior to protein expression status in predicting patient outcome in serous ovarian 

carcinoma. Gynecol. Oncol. 92, 31–39 (2004).
 29. Fajac, A. et al. c-erbB2 gene amplification and protein expression in ovarian epithelial tumors: Evaluation of their respective 

prognostic significance by multivariate analysis. Int. J. Cancer 64, 146–151 (1995).

https://doi.org/10.1007/s12282-015-0587-x
https://doi.org/10.1200/jco.2014.55.7652
https://doi.org/10.1016/j.phrs.2013.11.002
https://doi.org/10.1016/j.phrs.2013.11.002
https://doi.org/10.1158/0008-5472.can-11-3594
https://doi.org/10.1042/bj20120724
https://doi.org/10.1126/scitranslmed.3000389
https://doi.org/10.1126/scitranslmed.3000389
https://doi.org/10.1073/pnas.1016140108
https://doi.org/10.1093/annonc/mdm601
https://doi.org/10.1200/JCO.2008.21.4437
https://doi.org/10.1038/sj.bjc.6605343
https://doi.org/10.1200/jco.2009.25.8707
https://doi.org/10.1016/j.cancergencyto.2005.08.031
https://doi.org/10.1001/archotol.133.10.1031
https://doi.org/10.1016/j.lungcan.2004.10.010
https://doi.org/10.1002/cncr.21308


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9091  | https://doi.org/10.1038/s41598-021-88683-w

www.nature.com/scientificreports/

 30. Hansel, D. E., Swain, E., Dreicer, R. & Tubbs, R. R. HER2 overexpression and amplification in urothelial carcinoma of the bladder 
is associated with MYC coamplification in a subset of cases. Am. J. Clin. Pathol. 130, 274–281. https:// doi. org/ 10. 1309/ 41vlt fx3yp 
p1hf6f (2008).

 31. Ruiz-Saenz, A. et al. HER2 amplification in tumors activates PI3K/Akt signaling independent of HER3. Cancer Res. 78, 3645–3658. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 18- 0430 (2018).

 32. Nistor, A. et al. Real-time PCR complements immunohistochemistry in the determination of HER-2/neu status in breast cancer. 
BMC Clin. Pathol. 6, 2. https:// doi. org/ 10. 1186/ 1472- 6890-6-2 (2006).

 33. Hillig, T. et al. Assessing HER2 amplification by IHC, FISH, and real-time polymerase chain reaction analysis (real-time PCR) 
following LCM in formalin-fixed paraffin embedded tissue from 40 women with ovarian cancer. APMIS 120, 1000–1007. https:// 
doi. org/ 10. 1111/j. 1600- 0463. 2012. 02929.x (2012).

 34. Lamy, P. J. et al. Reliability and discriminant validity of HER2 gene quantification and chromosome 17 aneusomy analysis by real-
time PCR in primary breast cancer. Int. J. Biol. Markers 21, 20–29 (2006).

 35. Wang, Q. et al. PI3K-p110α mediates resistance to HER2-targeted therapy in HER2+ PTEN-deficient breast cancers. Oncogene 
35, 3607–3612. https:// doi. org/ 10. 1038/ onc. 2015. 406 (2016).

 36. Chapman, P. B. et al. Improved survival with vemurafenib in melanoma with BRAF V600E mutation. NEJM 364, 2507–2516. 
https:// doi. org/ 10. 1056/ NEJMo a1103 782 (2011).

 37. Hyman, D. M. et al. Vemurafenib in multiple nonmelanoma cancers with BRAF V600 mutations. NEJM 373, 726–736. https:// 
doi. org/ 10. 1056/ NEJMo a1502 309 (2015).

 38. Kopetz, S. et al. Phase II pilot study of vemurafenib in patients with metastatic BRAF-mutated colorectal cancer. J. Clin. Oncol. 33, 
4032–4038. https:// doi. org/ 10. 1200/ jco. 2015. 63. 2497 (2015).

 39. Juric, D. et al. Phosphatidylinositol 3-kinase α–selective inhibition with alpelisib (BYL719) in PIK3CA-altered solid tumors: Results 
from the first-in-human study. J. Clin. Oncol 36, 1291–1299. https:// doi. org/ 10. 1200/ jco. 2017. 72. 7107 (2018).

 40. André, F. et al. Alpelisib for PIK3CA-mutated, hormone receptor-positive advanced breast cancer. NEJM 380, 1929–1940. https:// 
doi. org/ 10. 1056/ NEJMo a1813 904 (2019).

 41. Campbell, M. R. et al. Effective treatment of HER2-amplified breast cancer by targeting HER3 and β1 integrin. Breast Cancer Res. 
Treat. 155, 431–440. https:// doi. org/ 10. 1007/ s10549- 016- 3698-y (2016).

 42. Scaltriti, M. et al. Lapatinib, a HER2 tyrosine kinase inhibitor, induces stabilization and accumulation of HER2 and potentiates 
trastuzumab-dependent cell cytotoxicity. Oncogene 28, 803–814. https:// doi. org/ 10. 1038/ onc. 2008. 432 (2009).

 43. Blackburn, E. et al. A monoclonal antibody to the human HER3 receptor inhibits Neuregulin 1-beta binding and co-operates 
with Herceptin in inhibiting the growth of breast cancer derived cell lines. Breast Cancer Res. Treat. 134, 53–59. https:// doi. org/ 
10. 1007/ s10549- 011- 1908-1 (2012).

 44. Kugel, C. H. 3rd., Hartsough, E. J., Davies, M. A., Setiady, Y. Y. & Aplin, A. E. Function-blocking ERBB3 antibody inhibits the 
adaptive response to RAF inhibitor. Cancer Res. https:// doi. org/ 10. 1158/ 0008- 5472. can- 14- 0464 (2014).

 45. Schoeberl, B. et al. An ErbB3 antibody, MM-121, is active in cancers with ligand-dependent activation. Can. Res. 70, 2485–2494. 
https:// doi. org/ 10. 1158/ 0008- 5472. can- 09- 3145 (2010).

 46. McDonagh, C. F. et al. Antitumor activity of a novel bispecific antibody that targets the ErbB2/ErbB3 oncogenic unit and inhibits 
heregulin-induced activation of ErbB3. Mol. Cancer Ther. 11, 582–593. https:// doi. org/ 10. 1158/ 1535- 7163. mct- 11- 0820 (2012).

 47. Treder, M. et al. Fully human Anti-HER3 monoclonal antibodies (mAbs) inhibit oncogenic signaling and tumor cell growth in vitro 
and in vivo. Cancer Res. 68, 20 (2008).

 48. Fitzgerald, J. B. et al. MM-141, an IGF-IR– and ErbB3-directed bispecific antibody, overcomes network adaptations that limit 
activity of IGF-IR inhibitors. Mol. Cancer Ther. 13, 410–425. https:// doi. org/ 10. 1158/ 1535- 7163. mct- 13- 0255 (2014).

 49. Mirschberger, C. et al. RG7116, a therapeutic antibody that binds the inactive HER3 receptor and is optimized for immune effector 
activation. Can. Res. 73, 5183–5194. https:// doi. org/ 10. 1158/ 0008- 5472. can- 13- 0099 (2013).

 50. Koganemaru, S. et al. U3–1402, a novel HER3-targeting antibody-drug conjugate, for the treatment of colorectal cancer. Mol. 
Cancer Ther. 18, 2043–2050. https:// doi. org/ 10. 1158/ 1535- 7163. mct- 19- 0452 (2019).

 51. Lim, S. M. et al. Development of small molecules targeting the pseudokinase Her3. Bioorg. Med. Chem. Lett. 25, 3382–3389. https:// 
doi. org/ 10. 1016/j. bmcl. 2015. 04. 103 (2015).

 52. Xie, T. et al. Pharmacological targeting of the pseudokinase Her3. Nat. Chem. Biol. 10, 1006–1012. https:// doi. org/ 10. 1038/ nchem 
bio. 1658 (2014).

 53. Ruiz-Saenz, A. et al. Targeting HER3 by interfering with its Sec61-mediated cotranslational insertion into the endoplasmic reticu-
lum. Oncogene 34, 5288–5294. https:// doi. org/ 10. 1038/ onc. 2014. 455 (2015).

Acknowledgements
This work and MMM were supported by CA122216 from the National Institutes of Health. AO was supported 
by the Cancer Center Support Grant P30CA082103 from the National Institutes of Health. We acknowledge the 
use of the Cancer Center Preclinical Therapeutics Core and the Computational Biology and Informatics Core.

Authors contributions
The manuscript was written and edited by M.M.M. and A.M. The experiments were conceived by M.M.M. and 
performed by A.M., M.S., D.B., and V.S. Statistical support and calculations were provided by AO.

Competing interests 
DB contributed to this work while an employee at UCSF, he is currently an employee at Genentech, Inc. Other 
authors have no disclosures.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 88683-w.

Correspondence and requests for materials should be addressed to M.M.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1309/41vltfx3ypp1hf6f
https://doi.org/10.1309/41vltfx3ypp1hf6f
https://doi.org/10.1158/0008-5472.CAN-18-0430
https://doi.org/10.1186/1472-6890-6-2
https://doi.org/10.1111/j.1600-0463.2012.02929.x
https://doi.org/10.1111/j.1600-0463.2012.02929.x
https://doi.org/10.1038/onc.2015.406
https://doi.org/10.1056/NEJMoa1103782
https://doi.org/10.1056/NEJMoa1502309
https://doi.org/10.1056/NEJMoa1502309
https://doi.org/10.1200/jco.2015.63.2497
https://doi.org/10.1200/jco.2017.72.7107
https://doi.org/10.1056/NEJMoa1813904
https://doi.org/10.1056/NEJMoa1813904
https://doi.org/10.1007/s10549-016-3698-y
https://doi.org/10.1038/onc.2008.432
https://doi.org/10.1007/s10549-011-1908-1
https://doi.org/10.1007/s10549-011-1908-1
https://doi.org/10.1158/0008-5472.can-14-0464
https://doi.org/10.1158/0008-5472.can-09-3145
https://doi.org/10.1158/1535-7163.mct-11-0820
https://doi.org/10.1158/1535-7163.mct-13-0255
https://doi.org/10.1158/0008-5472.can-13-0099
https://doi.org/10.1158/1535-7163.mct-19-0452
https://doi.org/10.1016/j.bmcl.2015.04.103
https://doi.org/10.1016/j.bmcl.2015.04.103
https://doi.org/10.1038/nchembio.1658
https://doi.org/10.1038/nchembio.1658
https://doi.org/10.1038/onc.2014.455
https://doi.org/10.1038/s41598-021-88683-w
https://doi.org/10.1038/s41598-021-88683-w
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9091  | https://doi.org/10.1038/s41598-021-88683-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	The role of HER2 and HER3 in HER2-amplified cancers beyond breast cancers
	Results
	Discussion
	Methods
	Cell culture and reagents. 
	Apoptosis assays. 
	Generation of HER3 knockdown cells. 
	Western blotting and antibodies. 
	HER2 gene amplification assay. 
	Mouse xenograft growth assays. 
	Statistical analysis. 

	References
	Acknowledgements


