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Abstract

Background: Compared to the other members of human epidermal growth factor family receptors (HER), the role of
HER3 has not been well defined in laryngeal cancer. The predictive and prognostic role of HER3 has been the focus of
clinical attention but the research findings are contradictory, especially in laryngeal squamous cell carcinoma (LSCC).
The variable localization of HER3 within cancer cells and the role of HER3 in primary and acquired resistance to HER1-
targeted therapies remain unclear.

Methods: We performed a retrospective analysis of two cohorts of 66 homogeneous consecutive untreated primary
advanced LSCC patients, in which co-expression of HERT, HER2 and HER3 receptors was investigated by semi-quan-
titative immunohistochemistry. The association of their pattern of expression with survival was evaluated by Kaplan—
Meier and Cox's proportional hazard analyses. Multivariable Cox proportional hazards models were developed to
predict median 2- and 3-year RFS and 2.5- and 5-year OS. The Akaike information criterion technique and backwards
stepwise procedure were used for model selections. The performance of the final Cox models was assessed with
respect to calibration and discrimination.

Results: Immunohistochemical labeling for HER1 and HER2 was localized both in the cell membrane and in the
cytoplasm, while HER3 labeling was observed both in the cell cytoplasm and in the nucleus. HER3 expression was
inversely correlated with HER1 positivity. The expression patterns of HERs were associated with tumor differentiation.
In both cohorts of patients, HER1 expression was associated with reduced relapse-free (RFS) and overall survival (OS).
In HER1 positive tumors, the co-expression with nuclear HER3 was associated with better RFS and OS, compared with
HER3 negative tumors or tumors expressing HER3 at cytoplasmic level. HER3 expressing tumors had a higher Gemi-
nin/MCM?7 ratio than HER3 negative ones, regardless of HER1 co-expression. Multivariable analyses identified age at
diagnosis, tumor site, HER1, HER3 and age at diagnosis, tumor stage, HER1, HER3, as covariates significantly associated
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with RFS and OS, respectively. Bootstrapping verified the good fitness of these models for predicting survivals and the
optimism-corrected C-indices were 0.76 and 0.77 for RFS and OS, respectively.

Conclusions: Nuclear HER3 expression was strongly associated with favourable prognosis and allows to improve the
prognostic stratification of patients with HERT positive advanced LSCC carcinoma.
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Background

Laryngeal squamous cell carcinoma (LSCC) remains one
of the most common cancers of the upper respiratory
tract and occurs more commonly in men than in women,
if compared to other head and neck cancers. In ~60% of
patients, LSCC presents as a locally advanced disease
at diagnosis, becoming one of the few tumors in which
the 5-year survival rates have decreased over the past
40 years, even though the overall incidence is declining
[1]. In the last two decades, the use of non-surgical lar-
ynx-preservation strategies, including radiotherapy (RT)
with concurrent cisplatin, induction chemotherapy (CT)
followed by RT or RT alone, increased as an alternative
to total laryngectomy (TL). Thus, over time the decision-
making changed from survival at all costs to survival
with maximum functional outcomes, with a fine balanc-
ing treatment between overall survival, larynx function
preservation, and quality of life. Unfortunately, these
efforts have not met with improvements in overall sur-
vival (OS) rates, even though preservation of laryngeal
function can be achieved in >50% of patients, with a long
laryngectomy-free survival. This highlights the need for
further translational research and innovation in the field
of molecular medicine, hoping that the identification of
new biomarkers could be useful in the development of
precision medicine and personalized treatment, thereby
improving the oncological result and reducing the corre-
sponding toxicity.

Targeted therapies are at the forefront of personal-
ized medicine in LSCC. Epidermal growth factor recep-
tor (EGFR/HER1) inhibition reprents a rational strategy
focusing on molecular targets and the anti-EGFR mono-
clonal antibody cetuximab has been increasingly used
in combination with RT, since its approval in 2006 [2].
Moreover, in comparison with conventional RT, bioradi-
otherapy (BioRT) with cetuximab significantly improves
locoregional control rates and OS without any increase
in unmanageable toxicity [3]. However, the results of dif-
ferent clinical trials on the subject are not conclusive and
more investigations are necessary to clarify HER1 biol-
ogy and patient bioselection [3, 4]. In fact, intrinsic and
acquired resistance during BioRT with cetuximab inevi-
tably occurs and various mechanisms for resistance to
cetuximab have been suggested, including constitutive

activation of HER1-mediating signaling molecules and/
or activation of alternative pathways [5]. Furthermore,
the sensitivity to cetuximab of the tumor cells cannot be
accurately predicted by only HER1 expression.

Members of the HER family receptor tyrosine kinases
and their respective ligands constitute a robust biologic
system that plays a key role in regulation in cell pro-
liferation, survival, and differentiation. In a previous
retrospective study [6], we investigated the potential
prognostic value of each HER family member receptor
in patients with LSCC, receiving upfront surgery and
postoperative RT. We found that HER1 expression was
directly associated with the risk of relapse and death,
while HER2, HER3 and HER4 expression was inversely
associated.

HER dimerization is required for signal transduction
to occur through formation of homodimeric or heterodi-
meric kinase-active complexes which differ functionally
and represent essential information for the development
of predictive biomarkers to be used in clinical trials [7].
In this respect, it has been reported that, in head and
neck squamous cell carcinoma (HNSCC), the analysis of
combined expression of HER family members improve
the predicting power over that for any individual member
[6, 8].

Recently, the role of HER3 in primary and acquired
resistence to HER1-targeted or other targeted therapies
in various cancers has attracted considerable attention.
Respect to the other HER family receptor members,
the role of HER3-mediated pathways has not been well
defined in HNSCC, more particularly in LSCC. Some
studies in HNSCC have shown that tumors with HER3
overexpression, mainly localized at the cytoplasmic
membrane, have a poorer prognosis [8—11], while de
Vicente et al. [12] did not report any correlation between
survival and HER3 expression. Because of these contra-
dictory findings, HER3 expression is not yet considered
to be a potential prognostic indicator for anti-HER3 tar-
geting in clinical practice, at least in the LSCC.

It is known that minichromosome maintenance
(MCM) proteins mark all non-quiescent cells, whereas
geminin identifies the proportion of actively proliferat-
ing cells that have entered S-phase, but not exited mito-
sis [13]. High levels of geminin expression promote G1
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to S progression and accumulation of cancer cells in the
S-G2-M phase of the cell cycle, where they are most
chemo-radio sensitive [14]. Geminin expression, as a pre-
dictive marker of response to chemoradiotherapy (CRT),
complements the prognostic informations obtained from
MCM?7 expression. In particular, Geminin/MCM?7 ratio
behaves as a reliable independent prognostic marker of
the clinical outcome in LSCC patients [15]. At this pur-
pose, we evaluated the association between expression
pattern of HER family members and the ratio of Gemi-
nin/MCM?Y labeling index as an estimate of the fraction
of cancer cells in the S-G2-M phase of the cell cycle.

Head and neck squamous cell carcinoma represents a
group of epithelial neoplasms that exhibit considerable
heterogeneity in clinical and molecular behavior [16-19].
The American Cancer Society considers the larynx as a
part of the respiratory system, separated from the oral
cavity and pharynx. Detailed genomic analysis of larynx
cancer, performed by the Cancer Genome Atlas Research
Program, demonstrated multiple potential therapeu-
tic targets, including tyrosine kinase receptors (such as
ERbBI1, ERbB2, FGFRI19), oncogenes (CCNDI, HRAS),
tumor suppressor genes (7P53, NF1), and the phospho-
inositide 3-kinase pathway [20]. Unlike HER1 and HER2,
overexpression of HER3 may be the result of increased
levels of gene transcription, since no evidence of erbB3
gene amplification in head and neck tumors or other
cell lines has been reported [21]. The site-dependent
extreme heterogeneity of HNSCC, both from the clinical
and molecular point of view [17], may contribute to dif-
ferences in prognosis and to a lack of consistency in the
treatment planning.

Considering that the treatment regimen could affect
patient prognosis, we conducted this retrospective obser-
vational study on two series of locoregionally advanced
LSCC patients treated with BioRT with cetuximab
and salvage surgery or upfront surgery with or without
postoperative RT/CRT, taking into account the clinical
relevance and prognostic value of HER3 expression in
relation to HER1 and HER2 status.

Methods

Patients

In this retrospective observational study, two cohorts,
each consisting of 66 consecutive untreated primary
advanced glottic LSCC patients (cT3-T4; unfavourable,
local-extended cT2) were analyzed. One patient group
was treated with BioRT with cetuximab (Group A) and
the other (Group B) with upfront TL or near-total lar-
yngectomy (NTL) with or without post-operative RT
(PORT) or CRT (POCRT). Due to heterogeneity in clini-
cal behavior of cancers arising from different larynx ana-
tomical subsites, we excluded all patients with primary
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supraglottic LSCC. Both groups included patients admit-
ted to our department of Otorhinolaryngology and Head
and Neck Oncologic Unit between 1999 and 2005 (Insti-
tutional Review Head and Neck Tumor register).

Group A included patients suitable for a non-surgical
organ preservation protocol according to international
guidelines that were treated with cetuximab (C225) con-
currently with intensity-modulated RT (IMRT), and
patients cT4 any N stage refusing TL. Cetuximab was
administered at an initial dose of 400 mg/m? during the
week before IMRT and then 250 mg/m? per week dur-
ing RT with a maximum of seven additional doses. All
patients received dental care before the treatment. We
delivered 69.96 Gy at 2.12 Gy per fraction to the plan-
ning target volume (PTV) encompassing the gross tumor
volume, 59.4 Gy at 1.8 Gy per fraction to the PTV of
the high-risk clinical target volume (CTV), and 54 Gy
at 1.64 Gy per fraction to the PTV of the low-risk CTV.
The gross tumor volumes and CT Vs were each expanded
3-5 mm to generate their respective PTVs. In case of his-
tologically proven persistent or recurrent loco-regional
disease, salvage TL was performed.

Group B included patients who underwent upfront
radical surgery (TL or near-TL) with or without PORT or
POCRT. We performed TL in all ¢cT3-cT4 tumors; about
the selected 31 out of 66 patients with unfavourable cT2
limited-extended tumors, in 15 patients we performed a
NTL (crycohyoidopexy) because of large tumor volume,
deep-tissue invasion or involvement of the anterior com-
missure, whereas in the remaining 16 of them (including
8/16 cN+) we performed a TL due to severe vocal cord
impaired mobility for deeper tissue invasion, subglottic
extension, involvement of cricoarytenoid unit or poste-
rior commissure, and poor compliance or tolerance of
patients for a NTL. In case of cN+ diseases, therapeutic
comprehensive radical modified neck dissection was per-
fomed; in case of ¢cNO, we adopted “wait and see policy”
under strict follow-up conditions. Regarding adjuvant
treatment, PORT (60-70 Gy, 180 cGy per fraction) on
primary tumor and neck nodal echelons with or without
chemotherapy (q21 cisplatin) was administered in case
of locally advanced tumors (pT4), positive (r*) or close
resection margins, any pN+ disease.

In case of loco-regional recurrence, salvage surgery (TL
or neck surgery) was performed.

All patients of both groups underwent a full diagnostic
workup, including a complete head and neck evaluation,
fiberoptic examination, representative biopsies, chest-CT,
CT or MRI of larynx and neck. Histopathological grading
was independently assessed by two pathologists, accord-
ing to WHO guidelines [22]. After the workup, all cases
were staged and discussed by the Tumor Board, involv-
ing at least a medical oncologist, a radiation therapist and
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a head and neck surgeon. Post-treatment assessments
were performed 4 and 8 weeks after completion of RT
or surgery. Subsequently, patients were evaluated every
3 months during the first and second years, and every
6 months during years 3 to 5. This follow-up assessment
included physical examination included panendoscopy,
and imaging studies consisting of computed tomogra-
phy or magnetic resonance imaging of the head and neck
region, and chest CT-scan.

Immunohistochemical analysis

HER1, HER2 and HER3 expression in tumor cells was
evaluated by immunohistochemistry on consecutive sec-
tions from formalin fixed and paraffin embedded tumor
tissues, according to standard procedures. Tumor sam-
ples from both groups of patients were processed by the
same standardized immunohistochemical procedures,
utilizing anti-HER1 (clone H11, dilution 1:150; Dako,
Milano, Italy), HER2 (Dilution 1:150, Dako), HER3 (RTJ.2
Dilution 1:200, DBA, Milano, Italy) monoclonal antibod-
ies. The semi-quantitative evaluation of immunostainings
was performed according to previously reported criteria
[23]. Cut-off points for the expression of the HERs were
chosen as previously reported [6]. Immunohistochemical
assays of MCM?7 and geminin proteins were performed
utilizing anti-MCM?7 (clone 141.2; dilution 1:100; DBA)
and anti-geminin polyclonal antibody (1:200; DBA)
according to the procedure previously reported [15]. Five
randomly selected fields, each containing at least 400
tumor cells, were counted independently by two patholo-
gists and labeling index for each antibody was calculated
as percentage of immunostained nuclei.

Statistical analysis

The primary endpoints went from the date of the first
surgery or the beginning of bioRT with cetuximab to the
date of clinical or pathological loco-regional recurrence
or progression (RFS) or to the date of death (OS), regard-
less of the cause, or to the date of the last available infor-
mation on the patient’s status.

All medians and life tables were computed using the
product-limit estimate by Kaplan—Meier, and the curves
were examined by means of the log-rank test. Multivari-
ate analysis was performed by Cox’s proportional haz-
ards model. The proportional hazards assumption was
assessed by visual inspection of log—log survival curves
and linear regressions of scaled Schoenfeld residuals ver-
sus time. Collinearity was verified by computing vari-
ance inflation factors (VIF) from the covariance matrix of
parameter estimates [24]. RFS and OS probabilities, given
the covariates and follow-up time, were calculated for the
model fitted by the multivariable Cox regression for both
patient groups.
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In order to develop a predictive model, data from
both patient groups were pooled, stratifying for therapy
and analyzed using Cox regression analysis. Corrected
Akaike’s information criterion (AIC) was utilized in
backwards stepwise procedure for selection of reduced
models. Multivariable Cox proportional hazards mod-
els were developed to predict median 2- and 3-year RFS
and 2.5- and 5-year OS. The performance of the final Cox
models was assessed with respect to calibration and dis-
crimination. Calibration was examined using calibration
curves of the relationship between the observed survival
rate and the predicted probabilities of relapse-free and
overall-survival. Overfitting-corrected estimates of the
performance of the final Cox models were evaluated by
bootstrap with resampling with 300 repetitions, using
adaptive linear spline hazard regression (25) and estimat-
ing the absolute mean error. Discrimination was evalu-
ated by the concordance index (C-index) as the final Cox
model ability to separate patient’s outcomes [26].

Non-parametric Spearman’s rho was used to analyse
the correlations between geminin/MCM?7 ratios and
predicted survivals. Kruskall-Wallis tests were used to
analyse the distribution of HER phenotypes according to
clinico-pathological parameters. Two-sided p<0.05 was
considered significant in statistical tests. Analyses were
performed using the JMP version 13.2 (SAS Institute Inc.,
Cary, NC, USA), R software version 3.3.3 [27] and rms
package: Regression Modeling Strategies [28].

Results
The combined expression of HER1, HER2 and HER3 and
the relative frequency of the HER phenotypes were simi-
lar both in the group A and B patients (Fig. 1A). HER1"/
HER27/HER3™ phenotype was the most frequent and
constituted 40% of tumors in the group A patients, and
29% in the group B patients, respectively. Triple positive
HER1*/HER2T/HER3" phenotype represented 12% and
9% of tumors in the patients of group A and B, respec-
tively. Moreover, HER3 was expressed in both positive
and negative HER1 tumors only in the presence of HER2
expression, while HER2 was also expressed indepen-
dently from HER1 and HER3 (Fig. 1A).
Immunohistochemical labeling for HER1 and HER2
was localized both at the cell membrane and in the
cytoplasm, while HER3 labeling was observed both in
the cell cytoplasm and in the nucleus (Fig. 2). The HER
phenotype expression patterns appeared to be associ-
ated with tumor differentiation. In particular, HER1"/
HER2'/HER3™" phenotype was more frequently found in
moderately well differentiated LSCC, while tumors not
expressing HER3 were in prevalence poorly differentiated
(Fig. 1B).
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Multivariable analyses revealed that in both patient
groups HER1 and HER3 but not HER2 expression
retained independent prognostic significance relative to
RFS and OS when adjusted for other clinico-pathological
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e 3 p
e ) Z e A

Fig. 2 Immunohistochemical analysis of HER1, HER2 and HER3
co-expression on three LSCCs. The left and middle columns in the
panel show two poorly differentiated LSCCs (H&E in the boxes above)
with phenotype HER1T/HER2/HER3 ™ and HER1*/HER2™/HER3™,
respectively. In the right column a well differentiated LSCC (H&E

in the top box) expressing the phenotype HER1t/HER2/HER3™
(Original magnifications: H&E: 200x; HER1, HER2 and HER3: 400 x)

covariates (Table 1). In particular, HER1 positivity and
HER3 tumor negativity were associated with an increased
risk of relapse and death for both patients groups
(Table 1). In addition, transglottic tumor site for group A
patients and lymph node positivity, for group B patients
behaved as independent prognostic variables of a shorter
RES. Furthermore, lymph node positivity retained
prognostic significance of shorter OS only for group B
patients. Based on the multivariable regression fitted
model, predicted probability of relapse-free and over-
all survival were calculated for patients of both groups.
When predicted values are grouped by HER1/HER3 co-
expression status of LSCC, it clearly appears that, regard-
less of the therapeutic regimen, patients with HER1™"
tumors had a reduced RFS and OS. In patients with
HER1™" tumors, the HER3 co-expression was associated
with a longer RFS and OS. Moreover, only for group B
patients, the expression of HER3 was significantly asso-
ciated with longer RFS and OS, regardless of HER1 co-
expression in the tumors (Fig. 3).

Kaplan—Meier analysis of survival curves, accord-
ing to HER1/HER3 phenotype of LSCC, confirmed
that in both patient cohorts the expression of HER1
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Table 1 Multivariable analysis of relapse-free and overall survival in the cohorts of laryngeal squamous cancer patients treated with
Cetuximab + radio-therapy (RT) or upfront surgery + radio-chemio-therapy (RCT)

Covariates: N Cetuximab +RT

N Up-front surgery + RCT

Relapse-free survival

Overall survival

Relapse-free survival Overall survival

RR ClL95% p RR ClL95% p RR ClL95% p RR ClL95% p
Age (risk per year) 66 0.96 09-1.0 0045 093 09-10 0M 66 097 09-1.0 020 0.96 1.0-1.1 012
Site
Glottic 47 1 1 49 1 1
Transglottic 19 324 14-7.5 0006 1.87 04-88 043 17 1.29 04-29 092 1.15 04-33 079
T
2 36 1 1 31 1 1
3-4 30 0.64 0.1-2.8 055 0.64 0.09-46 065 35 339 04-29.7 027 1.19 02-6.7 079
Stage
Il 29 1 1 23 1 1
IS\ 37 1.26 03-60 077 1.3 0.8-165.7 0.08 43 030 003-40 030 1.03 0.1-7.1 098
N
Negative 50 1 1 56 1 1
Positive 16 0.77 02-26 067 1.11 02-50 089 10 435 1.5-12.8 0008 4.18 1.2-14.2 0.022
HER-1
Negative 24 1 1 37 1 1
Positive 42 263 09-74 0062 833 09-763 0.04 29 6.11 2.1-17.15 0001 643 1.9-22.3 0.003
HER-2
Negative 33 1 1 29 1 1
Positive 33 1.04 04-27 094 344 05-240 021 37 1.87 0.7-5.1 0.23 1.87 06-59 028
HER-3
Negative 50 1 1 47 1 1
Positive 16 017 004-069 0013 003 0002-05 0012 19 0.15 004-065 0010 013 002-07 0019
Concordance index 0.77 0.83 0.78 0.78

RR Reference risk
C.195% Conficence interval 95%

p p-value likelihood ratio test

was associated with reduced RES and OS. Moreover, in
HER1" tumors, the co-expression of HER3 was signifi-
cantly associated with prolonged RFS and OS (Fig. 4).
In both patient groups, the gemin/MCM?7 ratio, uti-
lized as an estimate of the proliferating cell fraction in
the S-G2-M phase of the cell cycle, showed a significant
positive correlation with the RFS and OS predicted by
the multivariable Cox’s regression fitted model (Fig. 5A,
B).

Furthermore, when the geminin/MCM?7 ratios were
grouped by HER phenotypes, it was evident that tumors
expressing HER3 had a higher geminin/MCM?7 ratio
than HER3 negative ones, regardless of HER1 co-expres-
sion (Fig. 5C, D). On the other hand, the geminin labe-
ling index was significantly higher in HER3" than in
HER3™ tumors (23.88+1.09 SE versus 35.54+1.89 SE;
p<0.0001).

In order to develop predictive models, we pooled data
from the two patient series and stratified them by type

of therapy, considering that in both patient groups HER1
and HER3 had prognostic significance independent of
the type of therapy.

Multivariable Cox proportional hazards regression
analyses of the two grouped patient’s series confirmed
that HER1 and HER3 retained an independent prognos-
tic significance and that the model had an apparent good
accuracy with a C-index of 0.77 and 0.81 for RFS and OS,
respectively (data not shown). After model selection, we
obtained reduced models by backwards stepwise proce-
dure. Beta coefficients and hazard ratios of variables are
listed in the Additional file 1: Figure S1.

The models were internally validated with respect to
calibration and discrimination. Discrimination suggested
a good accuracy with a bootstrap-corrected C-indices of
0.76 and 0.79 for RFS and OS, respectively. The closeness
of the calibration curves for RFS and OS to the ideal 45°
calibration lines suggests that the models are well cali-
brated for predictions on an absolute probability scale
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(Additional file 2: Figure S2). The absolute values of the
differences between the predicted value and the observed
value (Mean Absolute Error: MAE) were 0.04 and 0.02
for RES and OS, respecively. Moreover, the optimism-
corrected slope shrinkage (0.90 and 0.93 for RFS and OS,
respectively) indicates little overfitting.

Discussion

HER family member receptors homo- or hetero-dimerize,
activating multiple signaling pathways, which guide sub-
sequent cell behaviors. Expression in cancer cells of more
than one HER receptor complicates the understanding of
how specific homo- or hetero-dimer contributes to cell
behavior and potential malignant trasformation. In order
to include biomarkers in guidelines for selecting patients
for specific treatments, it is necessary to distinguish the
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Fig. 4 Kaplan-Meier analyses of survival curves as a function of HER family phenotypes in LSCC. Bioradiotherapy with cetuximab (A, B) and upfront
surgery with or without postoperative radio/chemo-radiotherapy (C, D) treated patients

prognostic effects of these factors from their ability to
predict a differential clinical benefit from the specific
treatment, considering that protocol regimen inevitably
affects patient prognosis.

This study, conducted on two patient groups receiv-
ing different treatments, offers insight on the relevance
of different patterns of coexpression of HER1, HER2
and HER3 on outcome and therapy response. Our data
showed that the most frequent tumor phenotype was
represented by HER1*t/HER2 /HER3™, and it was more
frequently detected in the subgroup of poorly differ-
entiated LSCC, characterized by the shortest RFS and
OS, independently from the treatment protocols. This

finding is in accord with the well-known worse prognos-
tic significance of HER1 expression in LSCC, particularly
when HER1 expression is evaluated by quantitative [29,
30] or semi-quantitative immunohistochemistry [6, 31].
Interestingly, patients with HER1™" tumors, treated with
upfront surgery with or without postoperative RT/CRT,
showed a greater risk of relapse and death than patients
treated with BioRT with cetuximab. It is possible that
cetuximab may sensitize to therapeutic agents tumors
with a high HER1 expression, thus reducing the prog-
nostic significance of HER1 status. In accord with this
hypothesis are previous observations in HNSCC, show-
ing that a high HER1 tumor expression predicted a worse
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clinical outcome in patients treated with radiation alone,
while it did not reveal the same predictive significance in
patients treated with radiation-cisplatin plus cetuximab,
although assessed with the same method [4, 32].
According to previous observations [33-35], in both
patient groups, we found that HER2 did not behave as
an independent prognostic marker of RFS and OS. In
HNSCC it has been previously found that HER2 is co-
expressed with HER1 [36], and this co-expression may
contribute to the negative prognostic impact of HERI,
being associated with resistance to therapeutic agents
[37, 38]. Moreover, we found, in both patient groups,
that HER1 and HER2 were prevalently co-expressed in

poorly differentiated tumors with short RES and OS. In
addition, HER3 was expressed only in combination with
HER?2, in accordance with the known impaired kinase
activity of HER3 and its preferred hetero-dimerization
with HER2 [39, 40]. In both patient groups, a high HER1/
HER3 co-expression correlated with a better prognosis,
as compared to the high expression of HER1 without co-
expression of HER3.

In addition to be a target of the clinical development of
anti-HER3 therapies, the predictive and prognostic role
of HER3 over-expression in malignant solid tumors is
also the focus of clinical attention, although the research
findings are contradictory. In fact, contrasting results



Almadori et al. J Transl Med (2021) 19:408

concerning the prognostic value of HER3 expression in
different cancer types have been reported in the litera-
ture [41]. In addition to the differences in clinical staging,
sample sizes and types of antibodies used for immuno-
histochemistry, the inherent diversity and complexity of
each tumor type may have influenced the results found
in the absence of stratified analyses. In this regard, for
example, the prognostic role of HER3 expression on sur-
vival is negative for gastric cancer, while it is uncertain
for breast and colon cancers [41]. From our results, HER3
positivity was found in 29% of group A and 24% of group
B LSCC patients, respectively. These data are in accord
with previous observations in larynx cancer [42].

Notheworthy, our findings that HER3 expression
was most frequently associated with well differentiated
and rarely with poorly differentiated carcinomas, are
in accord with the data of Wei et al. showing that basa-
loid squamous cell carcinoma of the larynx does not
express HER3 [42]. HER3 expression in more differenti-
ated tumor histotypes has been found also in breast [43],
colon [44] and bladder cancer [45].

Takikita et al. [11] in HNSCC reported that HER3 can
be detected with either a cytoplasmic or a membranous
prevalent expression pattern and that only membranous
expression was significantly associated with worse over-
all survival. However, our present study on LSCC, in
accord to previous observations [6, 46], shows that HER3
expressed at both cytoplasmic and nuclear level, preva-
lently in moderately to well differentiated histotypes, is
associated with a better survival. It is possible that the
heterogeneity of tumors included in HNSCC, either from
anatomical, clinical and molecular aspects [17], com-
pared to the homogeneity of the larynx cancers analyzed
in our study, could have contributed to differences in the
pattern of HER3 expression and their prognostic signifi-
cance. In fact, unlike what happens in cell lines, at the tis-
sue level the co-expression of HER family receptors can
be dissimilar in different cell domains within the context
of the tissue architecture of the tumors. In this respect,
complex 3D cultures are more predictive of the clinical
outcome than their 2D counterparts as protein expres-
sion and kinase activities of ErbB family members were
substantially altered in the 3D cancer models as com-
pared to 2D ones [47]. Interestingly, in well differenti-
ated LSCC we found that HER3 was mainly expressed in
spinous and supra-basal layers, while HER1 was mainly
expressed by cells of the basal layer [46], similarly to nor-
mal epidermis. These findings are also consistent with
observations in vitro, where differentiation of MTSV1-7
breast cells was accompanied by increasing concentra-
tion of HER3 in the nucleoli [48].

Surprisingly, although HER3 is known as a transmem-
brane protein, we did not observe HER3 labeling at the
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cell membrane level. The immunostaining pattern of
HER3 reported by different authors in different can-
cers is not univocal and variable localizations have been
reported, such as cytoplasmic [49, 50], membranous and
cytoplasmic [44, 51], restricted to the nucleus [52, 53] or
nuclear and cytoplasmic [6, 46].

The finding of different subcellular HER3 localizations
may be linked to inherent peculiarities of a single tumor.
However, other explanations for some of the reported
differences in HER3 immunolocalization could rest on
the use of different antibodies, since it has been reported
that only a few monoclonal antibodies can label HER3
localized in the nucleus [48]. In addition, the possibility
that some immunostaining at the membrane level has
been masked by the pronounced cytoplasmic positivity
cannot be excluded. Previous studies showed that HER
receptor proteins can translocate from the membrane
to the nucleus in a variety of cancer cells [48, 52, 54, 55]
and that this event may play an important role in cancer
biology.

In this respect, it is interesting the finding that nuclear
and cytoplasmic patterns of HER4 expression were pre-
sent in different areas of the same LSCC and that the
prevalence of nuclear pattern in the tumors was associ-
ated with a longer patient’s survival [6]. This finding fur-
ther suggests that the analysis of sub-cellular expression
of HER family receptors may be important to understand
the characteristics of the biological behavior of the tumor.

We found that HER3 expression acts as a prognostic
marker in LSCC as its expression correlated with a bet-
ter prognosis, independently from therapeutic regimen.
This result is in contrast with several lines of preclinical
evidence that HER3 signaling may be a critical pathway
for acquired resistance to cetuximab. Despite preclinical
data strongly supported a potential role of HER3 signal-
ing in acquired resistance to HERI inhibitors [56], two
randomized phase II study in HNSCC [53] and meta-
static colorectal cancers [57] showed no benefits of the
dual inhibition of HER1 and HER3 with duligotuzumab
as compared to inhibition of HER1 alone with cetuximab.
These findings suggest that inhibition of HER1 alone is
sufficient to block HER1/HER3 signaling, being mini-
mal the role of HER2 in these cancer types. According
to this suggestion, we found that HER1 and HER3, but
not HER2, behave as independent prognostic markers
in LSCC. However, the role of dual HER1/HER3 inhibi-
tion to overcome resistance to therapy remains not well
understood in patients not previously treated with HER
inhibitors.

Interestingly, we found that expression of HER3 was
a favourable prognostic marker also in patients treated
with upfront surgery with or without postoperative
RT/CRT. This finding suggests that HER3 expression
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behaves as a prognostic marker independent from cetuxi-
mab treatment in LSCC. Considering the prominent
nuclear localization of HER3 in princkle-like supraba-
sal squamous cancer cells of well differentiated LSCC,
it is possible that HER3 nuclear localization prevents its
interaction with other HER family members at the level
of the cytoplasmic membrane and the consequent acti-
vation of downstream signaling pathways. This possibility
could also explain the previous findings in HNSCC that
the single inhibition of HER1 with cetuximab has an effi-
cacy similar to the dual HER1/HERS3 inhibition with duli-
gotuzumab [58].

It is known that geminin is expressed during S, G2,
and early M phases of the cell cycle [59] and high gemi-
nin/MCM? ratio might reflects proliferating tumors in
S-G2-M phase of the cell cycle. HER1T/HER3" LSCC
had a higher percentage of geminin positive cells than
HER1"/HER3™ ones, suggesting an increased prolifera-
tion rate of cancer cells when HER3 was co-expressed.
Moreover, HER3" expressing tumors showed a higher
geminin labeling index as compared to HER3™ ones.

It has been reported that nuclear HER3 is a transcrip-
tional co-activator of cyclin D1 promoter by its C-ter-
minal transactivation domain, stimulating cell transition
from G1 to S phase of the cell cycle [60]. Moreover, in
patients treated with BioRT with cetuximab or upfront
surgery with or without postoperative RT/CRT, LSCC
with HER1*/HER3" phenotype and high geminin/
MCMY7 ratio were associated with a better relapse-free
and overall survival predicted probability. Considering
that both patient cohorts were treated with RT or CRT
and that geminin might reflect proliferating cells in
S-G2-M phase, it is possible that tumors co-expressing
HER3 could be more susceptible to chemo-radio treat-
ment. This possibility is also supported by previous ober-
vations that in high-grade astrocytic brain tumors [61],
rectal cancer [58], oral squamous cell carcinoma [62]
and LSCC [15] high expression of geminin is associated
with a more favorable prognosis in patients receiving
chemo-radiotherapy.

Based on our findings, we hypothesize that the nuclear
sequestering of ErbB3 receptors may alter the propen-
sity to form ErbB3-containing homodimers or heterodi-
mers at the level of the plasma membrane. This could
alter the response to growth factors that favor pathways
that are activated by ErbB family members that remain
in the cytoplasmic membrane. Interestingly, it has been
observed that clathrin-dependent endocytosis path-
way regulates cytoplasmic trafficking, whereas nuclear
translocation of ERBB3 relies on the high-capacity clath-
rin-independent pathway, thereby allowing ERBB3 regu-
lated cytoplasmic signaling to be modified independent
of nuclear signaling (63). In the light of our findings, it

Page 11 of 13

appears of extreme importance to understand which are
the signaling pathways that favor the nuclear transloca-
tion of HER3. Further work will be needed on in vivo and
in vitro tumor cell models to evaluate these possibilities
in the case of LSCC.

Conclusions

As we move from translational research forward into an
era of precision medicine, we must tailor the treatment
to the specific intrinsic biological behavior of the tumor
for each patient, particularly regarding the sensitivity of
tumor cells to cetuximab and to radiation, in order to
achieve a balance between overall survival, larynx preser-
vation and quality of life.

In this study, we developed and validated a simple
prognostic model based on nuclear HER3 expression
that allows to improve the prognostic stratification of
patients with HER1 positive advanced LSCC. This prog-
nostic model could help clinicians to identify a subgroup
of patients who do not need to be treated with double
inhibition with anti-HER1 and anti-HER3, but can ben-
efit from BioRT with cetuximab alone.

This study had some limitations. First, this model was
derived from retrospective data, making it susceptible
to a data collection bias. Second, the portability of this
model to other cohorts needs to be externally validated.
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