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Abstract
Background Invasive pleomorphic lobular carcinoma (PLC) of the breast is a subtype of invasive lobular cancer which compromises approximately
1% of all epithelial breast malignancies and is characterized by higher nuclear pleomorphism and poorer prognosis than classic invasive lobular
cancer (ILC). Since PLC is more aggressive than classical ILC, we examined the underlying molecular alterations in this subtype of breast cancer to
understand the possible benefit from targeted therapies.

Methods In this study, we investigate the clinical characteristics and molecular alterations in 16 PLC from our institution. Additionally, we examined
the clinical and genomic features in 31 PLC from the Cancer Genome Atlas (TCGA).

Results Overall, our analysis of PLC found that 27% had activating ERBB2 mutations, 20% had ERBB2 amplification, and 47% activating PIK3CA
mutations. Among cases from our institution, we found 19% with activating ERBB2 mutations, 25% had ERBB2 amplification, and 38% with
activating PIK3CA mutations. In data from TCGA, 32% had activating ERBB2 mutations, 19% had ERBB2 amplification, and 55% had activating
PIK3CA mutations. While classic ILC in TCGA had similar percentages of PIK3CA alterations compared to PLC, activating ERBB2 alterations were
exceedingly rare, with no activating ERBB2 mutations and only one case with ERBB2 amplification. Interestingly, in further examining TCGA data
which included FGFR1 and PTEN, 94% of PLC had alterations in ERBB2, FGFR1, or the PI3K pathway.

Conclusions Our results show a high frequency of ERBB2 and PIK3CA alterations in PLC and suggest all PLC should be tested for potential
therapeutic targeting.

Background
The second most common histologic subtype of invasive breast cancer is invasive lobular carcinoma (ILC) compromising up to 15% of all cases. It
is more frequently multifocal and bilateral than other primary breast cancers. In the classical form, ILC is associated with a good prognosis and is
typically low grade and estrogen receptor and progesterone receptor positive [1, 2]. It is characterized by non-cohesive cancer cells invading the
stroma in a single-file pattern, without mass formation or calcification making detecting by physical examination or mammography more difficult.
The lack of cellular cohesion is principally a result of lack of E-cadherin protein expression in ~ 90% of cases [1, 2]. This feature is often employed
to diagnose lobular versus ductal lesions histologically through immunohistochemistry.

While classical ILC, generally has a good prognosis, several variants of ILC have been described. Among these is pleomorphic lobular carcinoma
(PLC) which was first described by Page and Anderson in 1987 but was not officially recognized by the WHO until 2003 [3, 4]. PLC has been
reported to present at a more advanced stage compared to invasive ductal carcinoma (IDC) or classical ILC and be more likely to recur compared to
classical ILC [5, 6]. PLC has been associated with postmenopausal status and older age and accounts for ~ 15% of ILC and < 1% of all breast
cancers [7]. Similar to classical ILC, PLC histologically shows discohesive cells in a linear invasive pattern lacking E-cadherin protein expression. In
contrast to classical ILC, PLC displays a high degree of cellular pleomorphism, higher mitotic index, eosinophilic cytoplasm, nuclear
hyperchromasia, and prominent nucleoli [8]. Molecular characterization suggests PLC shares many of the same molecular alterations as classical
ILC and is therefore best characterized as a variant, including similar expression of estrogen and progesterone receptors [9]. Additionally, PLC is
reported to more frequently have ERBB2 amplification or TP53 alterations than classical ILC and more typical of high grade IDC [10, 11].

More recently, several small studies have performed sequencing based analysis to further characterize the molecular alterations in PLC and have
reported frequent mutations in ERBB2 and PIK3CA [12, 13, 14]. PLC is more aggressive than classical ILC and may benefit from targeted therapies.
To gain a better of the underlying molecular alterations in PLC and the potential for therapeutic intervention, we report here on the characterization
of 47 invasive lobular breast cancers with pleomorphic features which we believe is the largest series of this subtype.

Methods
Case Selection

The records of the pathology department of Rutgers Robert Wood Johnson University Hospital were searched from 2009 to 2019 for cases of
invasive pleomorphic lobular cancer. A total of 16 cases were identified with sufficient tumor volume for subsequent sequencing analysis.

The Cancer Genome Atlas was searched for breast invasive carcinoma cases harboring CDH1 loss of function mutations or deletions with a total
of 115 cases identified. Corresponding whole slide images were reviewed by an expert in breast pathology (N.B.). 22 cases were diagnosed as PLC
based on infiltrative pattern of classic ILC with abnormal nuclear features as has been previously described [6, 15]. An additional 9 cases were
included where the outside pathology report diagnosed infiltrative or invasive pleomorphic lobular cancer or high grade (grade 3) invasive cancer
while harboring CDH1 loss.

In-house Mutation Analysis
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For each of the 16 cases from Rutgers Robert Wood Johnson University Hospital, 5 formalin-fixed paraffin-embedded unstained sections at 5 um
were extracted using a QIAmp DNA Micro Kit (Qiagen, Hilden, Germany). DNA was sequenced using the Trusight Tumor 15 gene panel on an
Illumina MiSeq instrument (Illumina, San Diego, CA).

PLC Data

Data from TCGA was accessed and analyzed using cBioPortal (http://www.cbioportal.org). Data on patient’s age, disease stage, receptor and HER2
status, and relevant genomic hotspots, copy number alterations, and fusions were obtained when available. In-house cases did not have copy
number or fusion analysis performed.

Results
Patient and Sample Characteristics

Among PLC cases from TCGA, 52% were age 50–65 at diagnosis and 32% were over 65. Only 10% of these cases were Stage I while 29% were
Stage III. The vast majority of cases where receptor status were known were positive for estrogen receptor (88%) and 44% were HER2 positive. The
patient age and stage were more heterogeneous in PLC cases from our institution. 31% of patients were younger than 50 and 38% were stage I at
diagnosis. Similar distribution in estrogen receptor expression to TCGA were observed with 81% estrogen receptor positive while 25% were HER2
positive (Supplementary Table I).

Overall, 79% of the patients in our study were 50 years or older at diagnosis and 34% of these were older than 65. The PLC stage at diagnosis in our
study tended to be advanced with 52% Stage II and 30% Stage III, while 85% were positive for estrogen receptor (Table 1).

Table 1. Clinicopathologic and biomarker status of 47 cases of PLC

Age 
 Tumor 
 Node 
 Stage 
 Receptor Status 


<50 10 <2cm 11 N0 26  Stage I 8 ER+ 34

50-65 21 2-5cm 22 N1 8 Stage II 23 ER- 6

>65 16 >5cm 11 N2 3 Stage III 13 PR+ 31


 
 unknown 3 N3 7 unknown 3 PR- 9


 
 
 
 unknown 3 
 
 HER2+ 11


 
 
 
 
 
 
 
 HER2- 28


 
 
 
 
 
 
 
 unknown 7

Molecular Alterations

Of the 31 cases identified as invasive lobular breast cancers with pleomorphic features from TCGA, 24 (77%) harbored inactivating mutations in
CDH1 (3 splice site, 5 nonsense, and 16 frameshift mutations). All but one of these showed loss of heterozygosity (LOH) and the case with an
inactivating mutation without LOH had 16% CDH1 mRNA expression. 4 cases had missense mutations in CDH1 and all of these had 37% or less
CDH1 mRNA expression. The final 3 cases showed homozygous deletion of the CDH1 gene locus (Table 2).

Table 2. Molecular alterations in 31 cases of PLC from TCGA
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ID
ER
IHC

PR
IHC HER2 Gene Alteration Gene Alteration Gene Alteration Gene Alteration

Other
Alterations

TCGA-
AR-

A2LJ
70-
79%

70-
75% pos CDH1 E165Q ERBB2 AMP PIK3CA H1047R 


TCGA-
A2-

A0SY
80-
89%

40-
49% pos fish CDH1 S18fs ERBB2 AMP PIK3CA E545K 


TCGA-
D8-

A27G >75% >75%
2 ihc fish
neg CDH1 E167fs ERBB2

AMP/
I767M PIK3CA H1047R 


TCGA-
A8-

A0A7 neg neg pos CDH1 E243K ERBB2 AMP PIK3CA E726K 

TCGA-

A8-
A0A6

  pos pos neg CDH1 T522_splice ERBB2 L755S PIK3CA G118D 

TCGA-

A8-
A0AB

  ? ? ? CDH1 D400fs ERBB2 L755S PIK3CA
BRCA2 deep

del
TCGA-

C8-
A274

  ? ? ? CDH1 P625fs ERBB2 I767M PIK3CA H1047R 

TCGA-

AC-
A3YI  

90-
99%

20-
29% neg CDH1 E763fs ERBB2 L755S PIK3CA FGFR1 amp

TCGA-
A2-

A0T6
 

90-
99%

90-
99% neg CDH1 Y827fs ERBB2

L755R
(L755W,
L755M)
& R678Q PIK3CA 


TCGA-
BH-

A0C1  pos pos neg CDH1 P159fs ERBB2 V777L PIK3CA 

TCGA-

C8-
A3M7

  neg neg neg CDH1 T340fs ERBB2 S305C PIK3CA H1047R
KMT2C
Q3151*

TCGA-
AO-

A128
  neg neg neg CDH1 A817V ERBB2 V797A PIK3CA

TP53 R342*,
KMT2C

Q1787Lfs*18
& E495Dfs*42

TCGA-
BH-

A18P
  pos neg pos CDH1 S36fs ERBB2 L755S PIK3CA

MAP3K1
P233Qfs*30

TCGA-
A8-

A07B
  pos pos pos fish CDH1 P200fs PIK3CA H1047R

TP53
Q165Afs*8

TCGA-
E2-

A1IJ   ? ? ? CDH1 V678fs PIK3CA PTEN homodel 

TCGA-

A2-
A0EX

  pos pos neg CDH1 Q511* PIK3CA E545K FGFR1 amp
TCGA-

E2-
A2P5

  pos pos neg fish CDH1 Q383* PIK3CA
N345K,
G914R

TP53 F341S
 KMT2C

E648Vfs*8
TCGA-

AR-
A2LL

 
70-
79%

70-
79% neg fish CDH1 G278R PIK3CA PTEN C124S 


TCGA-
E9-

A3X8
 

20-
29%

20-
29%

<10%
pos
(negative
in
report) CDH1 515_516ins* PIK3CA 


TCGA-
BH-

A0E9
  pos pos neg CDH1 D756fs PIK3CA PTEN X70_splice 


TCGA- 90- 90- neg CDH1 F499fs PIK3CA E545K, 
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EW-
A1J5  

99% 99% E726K

TCGA-
BH-

A2L8 
70-
79%

80-
89% neg CDH1 R800fs PIK3CA G1049R PTEN S287*

TCGA-
BH-

A18F pos pos neg CDH1 L581fs PIK3CA
Q546K,
H1047R

TCGA-
BH-

A209 pos pos ? CDH1 R63* PIK3CA
ZNF791-
FGFR1

TCGA-
A2-

A3KC
90-
99%

90-
99% neg fish CDH1 T748fs PIK3CA H1047R

TCGA-
AN-

A03Y pos pos neg CDH1 R63* PIK3CA H1047R
TCGA-

A8-
A09W ? ? ? CDH1 T646_splice PIK3CA RB1 Y606*
TCGA-
EW-

A3E8 ? ? ? CDH1 I722_splice PIK3CA E545K
TCGA-

AO-
A12G

90-
99%

30-
39% neg fish CDH1

16q22.1
homodel PIK3CA PTEN R47fs

TP53
K139_P142del

TCGA-
E2-

A1LG ? ? ? CDH1
16q22.1
homodel PIK3CA

TP53 I255del
KMT2c
W1002*
FGFR1 amp
PIK3R2 amp

TCGA-
A2-

A25D ? ? ? CDH1
16q22.1
homodel PIK3CA E110del

Within TCGA dataset of PLC, we found 10 (32%) had activating ERBB2 mutations and 6 (19%) had ERBB2 amplification with two cases showing
both amplification and an activating ERBB2 mutation. In total, 45% had either ERBB2 amplification and/or activating mutation including 7 cases
where the receptor status was unknown. Among the ERBB2 activating mutations, the predominant hotspot was at codon 755 with 50% occurring at
this location. The p.L755S missense mutation was observed in 4 of the 5 mutations at this position with one mutation being a p.L755R. Curiously,
the TCGA annotation appears to have misclassified this alteration as two separate missense mutations, p.L755W and p.L755M, at the same
variant allele frequency when in fact this is a dinucleotide substitution resulting in a single amino acid change. The remainder of the ERBB2
mutations identified also occurred in the protein kinase domain, with the exception of p.S305C which occurs in the extracellular domain.

Additionally, we queried TCGA data set for PIK3CA and PTEN alterations. 17/31 (55%) had hotspot mutations in PIK3CA with p.H1047R being the
most common of these being found in 8 cases (47% of PIK3CA mutations). The next most frequent PIK3CA alteration was p.E545K in 4 cases
(24%). 3 cases had 2 separate hotspot mutations in PIK3CA, which recent data suggests may be particularly sensitive to inhibition [16]. We
correlated PIK3CA mutations with receptor status and found that 8 cases (47%) were ER/PR positive and HER2 negative, 4 cases were ER/PR/HER2
positive (24%), 1 case was ER/PR negative and HER2 positive, 1 case was ER/PR/HER2 negative, and for the cases the receptor status was
unknown. 5 cases harbored PTEN alterations and in only 1 of these cases was there a coexistent PIK3CA hotspot mutation. 3 of the PTEN
alterations were predicted to be inactivating (1 splice site, 1 non-sense, and 1 frameshift mutation), 1 case showed homozygous deletion of the
PTEN locus, and 1 case had the well-characterized catalytically dead PTEN p.C124S that completely ablates PTEN phosphatase activity [17].

Interestingly, classic ILC in TCGA had a similar percentage overall percentage PI3K pathway alterations compared with PLC, with 38/84 cases
having an activating PIK3CA alteration and 9/84 a PTEN alteration with one case showing alterations in both PIK3CA and PTEN compared.
However, there were no activating ERBB2 mutations and only one case with ERBB2 amplification (1%) in the classic ILC in TCGA (Supplementary
Table 2).

In total, 27 out of the 31 cases (87%) from TCGA had what would be considered a driver mutation in ERBB2 or the PIK3CA/PTEN pathway. In
further examining these 4 cases without these alterations, the results for HER2 FISH or IHC were unknown for 3 (although TCGA sequencing did not
report amplification of ERBB2). Astonishingly, 1 of these cases had a ZNF791-FGFR1 fusion while another case had FGFR1 and PIK3R2
amplifications.

Finally, we catalogued TP53 mutations in PLC TCGA cases and found this gene altered in 5 out of 31 cases (2 in-frame deletions in the DNA
binding domain, 1 frameshift mutation in the DNA binding domain, 1 missense mutation in the tetramerization domain, and 1 truncating mutation
in the tertamerization domain).
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Within our in-house cases of PLC, we found 3 out of 16 (19%) had activating ERBB2 mutations and 4 (25%) had ERBB2 amplification with two
cases showing both amplification and an activating ERBB2 mutation. In total, 5 (31%) had either ERBB2 amplification and/or activating mutation.
Among the ERBB2 activating mutations, the predominant hotspot was again the p.L755S missense mutation which was seen in 2 of the 3 cases.
The other ERBB2 mutation identified, p.E770_A771insAYVM, also occurred in the protein kinase domain (Table 3).

Table 3. Molecular alterations in 16 cases of PLC from our institution

ID ER IHC PR IHC HER2 Gene Alteration Gene Alteration

1 3+ 0 1+ neg PIK3CA H1047L 
 


2 99% 3+ 50% 2-3+ neg Not detected 
 
 


3 0 0 pos fish ERBB2 L755S TP53 S15Rfs*18   

4 0 0 neg ERBB2 L755S PIK3CA P539R

5 99% 3+ 99% 3+ neg Not detected 
 
 


6 95% 3+ 70% 3+ neg PIK3CA H1047R 
 


7 95% 3+ 90% 3+ neg Not detected 
 
 


8 99% 3+ 99% 3+ neg Not detected 
 
 


9 100% 3+ 60% 3+ neg AKT1 E17K 
 


10 95% 3+ 95% 3+ neg PIK3CA H1047R 
 


11 95% 3+ 80% 3+ neg Not detected 
 
 


12 95% 3+ 90% 3+ neg Not detected 
 
 


13 95% 3+ 0 pos   ERBB2 E770_A771insAYVM 
 


14 0 0 pos PIK3CA Q546E TP53 R248Q

15 95% 2-3+ 95% 2-3+ neg PIK3CA E545K TP53 G108S

16 95% 3+ 80% 3+ pos TP53 R175H 
 


While the next-generation sequencing panel used for the in-house did not include PTEN, it did cover AKT1 in addition to PIK3CA. 6/16 cases (38%)
had PIK3CA hotspot mutations with codon 1047 again the most common (2 p.H1047R and 1 p.H1047L) (Fig. 1). In addition, 1 case was found to
have the AKT1 p.E17K mutation. In correlating PIK3CA hotspot mutations with receptor status, we found that 3 cases were ER/PR positive and
HER2 negative, 1 case was ER positive and PR/HER2 negative, 1 case was ER/PR negative and HER2 positive, and 1 case was ER/PR/HER2
negative.

Within the in-house PLC cases, 10/16 cases (63%) had what would be considered a driver mutation in ERBB2 or the PIK3CA/PTEN pathway.

We identified TP53 mutations in 4/16 cases (25%) with 3 being missense mutations in the DNA binding domain and 1 frameshift mutation at
codon 15.

Discussion
In the current study, PLC cases were associated with older age while the stage at diagnosis was more advanced compared to breast cancer not
otherwise specified with 52% Stage II and 30% Stage III at diagnosis in agreement with previous reports [18] (Table 1).

An important observation from our study of 47 PLC cases was the 28% had ERBB2 mutations, considerably higher than the 5% previously reported
in ILC not otherwise specified [1]. In a study of 24 PLC or pleomorphic lobular carcinoma in situ, Lien and colleagues reported an ERBB2 mutation
frequency of 20.8% of invasive or in situ pleomorphic carcinomas compared to only 2% of classic ILC [12]. However, they note all of their patients
were Taiwanese and it is unclear whether ERBB2 mutation frequencies differ among ethnicities. Similarly, a recent study from Rosa-Rosa et al.
reported 26% ERBB2 mutations in 27 PLC patients in Spain [14]. Finally, a study from Massachusetts of 17 patients with PLC found 3 (18%) with
ERBB2 mutations [13]. Our results add credence that ERBB2 mutations are prevalent among PLC patients. This is clinically important as case
reports have shown that patients with ERBB2 mutated breast cancers respond to targeted HER2 targeted therapy [19, 20]. This was confirmed by
responses to neratinib seen in ERBB2 mutated caners in the SUMMIT trial [21]. Additionally, the majority of HER2 mutations in breast cancer are
reported to be activating and respond to HER2 inhibition [22]. One caveat in treating these HER2 mutant breast cancers is a recent report suggesting
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dual targeting of HER2 and ER pathways may be required for optimal treatment in cases that are also positive for estrogen receptor [23]. There is
also a clear need to investigate role of adjuvant HER2 inhibitors in early stage HER2 mutant cancers.

In addition to ERBB2 activating mutations, we found that 25% of PLC cases in our study had ERBB2 amplification, considerably higher than the 2–
4% ERBB2 overexpression reported in classical or ILC not otherwise specified [14, 24]. The overall percentage of ERBB2 amplification was similar to
that reported by Lien of 33% in invasive or in situ pleomorphic carcinomas. ERBB2 amplification and mutation were not completely mutually
exclusive in our study. We found 4 cases with co-occurring ERBB2 amplification and mutation such that the overall percentage with an ERBB2
alteration was 43%, including 8 cases from TCGA where ERBB2 IHC or FISH were unknown but sequencing did not show evidence of copy number
gain.

Another important finding from our study was that 49% of PLC cases had activating PIK3CA mutations. While this frequency is similar to the
reported frequency of 53% PIK3CA mutations by Zhu and colleagues [13], we believe this is the first study of PLC that examines the overall
percentage of cases which had an alteration in ERBB2 or the PI3K pathway. Within PLC cases from TCGA, we found that 87% had an alteration in
ERBB2, PIK3CA, or PTEN and 74% had an alteration in ERBB2 or PIK3CA. This is highly relevant with the introduction of alpha-specific PI3K
inhibitors clinically [25]. Specifically, the US Food and Drug Administration has granted approval to alpelisib in combination with fulvestrant for
hormone receptor positive, HER2 negative, PIK3CA mutated advanced or metastatic breast cancer following on endocrine therapy based on the
SOLAR-1 trial [26]. There is conflicting evidence as to whether PTEN deficiency may be targeted with alpha-specific PI3K inhibitors. Alpelisib has
been reported to effectively inhibit growth in lipoma cells deficient in PTEN derived from PTEN Hamartoma Tumor Syndrome patients, but loss of
function PTEN mutations has also been reported as a mechanism of resistance to alpelisib and fulvestrant in PIK3CA mutant hormone receptor
positive breast cancer [27, 28]. Among the 4 cases of PLC from TCGA which did not harbor alterations in ERBB2, PIK3CA, and PTEN, we found that
two of the cases had alterations in FGFR1, an FGFR1 amplification and a ZNF791-FGFR1 fusion, suggesting the potentially targetable alterations
within this group may be 94% (Fig. 1C). A case report has shown activity in FGFR1 amplified breast cancer with the FGFR inhibitor pazopanib and
erdafitinib has shown activity in FGFR altered urothelial carcinoma [29, 30].

Conclusions
Our results show that PLC presents at more advanced stage than breast cancer not otherwise specified and harbors high percentages of both
ERBB2 alterations and PI3K pathway alterations. Due to the fact that PLC tends to be more aggressive, the finding that high percentages contain
alterations which can be targeted therapeutically is clinically relevant and suggests testing for these alterations is warranted in these cases.
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ILC: Classic invasive lobular cancer
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PLC: Invasive pleomorphic lobular carcinoma of the breast

TCGA: The Cancer Genome Atlas

Declarations
Ethics approval and consent to participate The study was approved and performed in accordance with standards established by Rutgers
Institutional Review Board, consistent with applicable national and state laws and regulations.

Consent for publication Not applicable.

Availability of data and materials All data generated and analyzed during this study are included in this published article [and its supplementary
information files].

Competing interests The authors have declared that no conflict of interest exists.

Funding The study was supported by NIH grant P30-CA072720 and an anonymous gift to precision medicine.

Author contributions GR and SG were involved in the conception and design of the project and wrote the manuscript. GR, SJ, and NB were involved
in the acquisition of samples and the analysis of data. All authors reviewed and approved the final version of the manuscript.

Acknowledgements Not applicable.



Page 8/10

References
1. Ciriello G, Gatza ML, Beck AH, et al. Comprehensive Molecular Portraits of Invasive Lobular Breast Cancer. Cell. 2015;163(2):506-519.

doi:10.1016/j.cell.2015.09.033

2. McCart Reed AE, Kutasovic JR, Lakhani SR, Simpson PT. Invasive lobular carcinoma of the breast: morphology, biomarkers and 'omics. Breast
Cancer Res. 2015;17(1):12. Published 2015 Jan 30. doi:10.1186/s13058-015-0519-x

3. Davies, J.D. (1988). Diagnostic histopathology of the breast. O. L. Page and T. J. Anderson, with several contributors. Churchill Livingstone,
Edinburgh, 1987.

4. Lakhani, S.R., Ellis. I.O., Schnitt, S.J., Tan, P.H., van de Vijver, M.J. (2012). WHO Classification of Tumors of the Breast. Lyon : International
Agency for Research on Cancer, France, 2012.

5. Buchanan CL, Flynn LW, Murray MP, et al. Is pleomorphic lobular carcinoma really a distinct clinical entity?. J Surg Oncol. 2008;98(5):314-317.
doi:10.1002/jso.21121

6. Weidner N, Semple JP. Pleomorphic variant of invasive lobular carcinoma of the breast. Hum Pathol. 1992;23(10):1167-1171.
doi:10.1016/0046-8177(92)90035-2

7. Al-Baimani K, Bazzarelli A, Clemons M, Robertson SJ, Addison C, Arnaout A. Invasive Pleomorphic Lobular Carcinoma of the Breast:
Pathologic, Clinical, and Therapeutic Considerations. Clin Breast Cancer. 2015;15(6):421-425. doi:10.1016/j.clbc.2015.06.010

8. Butler D, Rosa M. Pleomorphic lobular carcinoma of the breast: a morphologically and clinically distinct variant of lobular carcinoma. Arch
Pathol Lab Med. 2013;137(11):1688-1692. doi:10.5858/arpa.2012-0603-RS

9. Middleton LP, Palacios DM, Bryant BR, Krebs P, Otis CN, Merino MJ. Pleomorphic lobular carcinoma: morphology, immunohistochemistry, and
molecular analysis. Am J Surg Pathol. 2000;24(12):1650-1656. doi:10.1097/00000478-200012000-00009

10. Reis-Filho JS, Simpson PT, Jones C, et al. Pleomorphic lobular carcinoma of the breast: role of comprehensive molecular pathology in
characterization of an entity. J Pathol. 2005;207(1):1-13. doi:10.1002/path.1806

11. Simpson PT, Reis-Filho JS, Lambros MB, et al. Molecular profiling pleomorphic lobular carcinomas of the breast: evidence for a common
molecular genetic pathway with classic lobular carcinomas. J Pathol. 2008;215(3):231-244. doi:10.1002/path.2358

12. Lien HC, Chen YL, Juang YL, Jeng YM. Frequent alterations of HER2 through mutation, amplification, or overexpression in pleomorphic lobular
carcinoma of the breast. Breast Cancer Res Treat. 2015;150(2):447-455. doi:10.1007/s10549-015-3336-0

13. Zhu S, Ward BM, Yu J, et al. IRS2 mutations linked to invasion in pleomorphic invasive lobular carcinoma. JCI Insight. 2018;3(8):e97398.
Published 2018 Apr 19. doi:10.1172/jci.insight.97398

14. Rosa-Rosa JM, Caniego-Casas T, Leskela S, et al. High Frequency of ERBB2 Activating Mutations in Invasive Lobular Breast Carcinoma with
Pleomorphic Features. Cancers (Basel). 2019;11(1):74. Published 2019 Jan 11. doi:10.3390/cancers11010074

15. Sneige N, Wang J, Baker BA, Krishnamurthy S, Middleton LP. Clinical, histopathologic, and biologic features of pleomorphic lobular (ductal-
lobular) carcinoma in situ of the breast: a report of 24 cases. Mod Pathol. 2002;15(10):1044-1050. doi:10.1097/01.MP.0000027624.08159.19

16. Vasan N, Razavi P, Johnson JL, et al. Double PIK3CA mutations in cis increase oncogenicity and sensitivity to PI3Kα inhibitors. Science.
2019;366(6466):714-723. doi:10.1126/science.aaw9032

17. Myers MP, Stolarov JP, Eng C, et al. P-TEN, the tumor suppressor from human chromosome 10q23, is a dual-specificity phosphatase. Proc Natl
Acad Sci U S A. 1997;94(17):9052-9057. doi:10.1073/pnas.94.17.9052

18. Iqbal J, Ginsburg O, Rochon PA, Sun P, Narod SA. Differences in breast cancer stage at diagnosis and cancer-specific survival by race and
ethnicity in the United States [published correction appears in JAMA. 2015 Jun 9;313(22):2287]. JAMA. 2015;313(2):165-173.
doi:10.1001/jama.2014.17322

19. Ali SM, Alpaugh RK, Downing SR, et al. Response of an ERBB2-mutated inflammatory breast carcinoma to human epidermal growth factor
receptor 2-targeted therapy. J Clin Oncol. 2014;32(25):e88-e91. doi:10.1200/JCO.2013.49.0599

20. Ben-Baruch NE, Bose R, Kavuri SM, Ma CX, Ellis MJ. HER2-Mutated Breast Cancer Responds to Treatment With Single-Agent Neratinib, a
Second-Generation HER2/EGFR Tyrosine Kinase Inhibitor. J Natl Compr Canc Netw. 2015;13(9):1061-1064. doi:10.6004/jnccn.2015.0131

21. Hyman DM, Piha-Paul SA, Won H, et al. HER kinase inhibition in patients with HER2- and HER3-mutant cancers [published correction appears in
Nature. 2019 Feb;566(7745):E11-E12]. Nature. 2018;554(7691):189-194. doi:10.1038/nature25475

22. Bose R, Kavuri SM, Searleman AC, et al. Activating HER2 mutations in HER2 gene amplification negative breast cancer. Cancer Discov.
2013;3(2):224-237. doi:10.1158/2159-8290.CD-12-0349

23. Croessmann S, Formisano L, Kinch LN, et al. Combined Blockade of Activating ERBB2 Mutations and ER Results in Synthetic Lethality of
ER+/HER2 Mutant Breast Cancer. Clin Cancer Res. 2019;25(1):277-289. doi:10.1158/1078-0432.CCR-18-1544

24. Christgen M, Bartels S, Radner M, et al. ERBB2 mutation frequency in lobular breast cancer with pleomorphic histology or high-risk
characteristics by molecular expression profiling. Genes Chromosomes Cancer. 2019;58(3):175-185. doi:10.1002/gcc.22716



Page 9/10

25. Juric D, Rodon J, Tabernero J, et al. Phosphatidylinositol 3-Kinase α-Selective Inhibition With Alpelisib (BYL719) in PIK3CA-Altered Solid
Tumors: Results From the First-in-Human Study [published correction appears in J Clin Oncol. 2019 Feb 1;37(4):361] [published correction
appears in J Clin Oncol. 2019 Feb 1;37(4):361]. J Clin Oncol. 2018;36(13):1291-1299. doi:10.1200/JCO.2017.72.7107

26. André F, Ciruelos E, Rubovszky G, et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor-Positive Advanced Breast Cancer. N Engl J Med.
2019;380(20):1929-1940. doi:10.1056/NEJMoa1813904

27. Kirstein AS, Augustin A, Penke M, et al. The Novel Phosphatidylinositol-3-Kinase (PI3K) Inhibitor Alpelisib Effectively Inhibits Growth of PTEN-
Haploinsufficient Lipoma Cells. Cancers (Basel). 2019;11(10):1586. Published 2019 Oct 17. doi:10.3390/cancers11101586

28. Razavi P, Dickler MN, Shah PD, et al. Alterations in PTEN and ESR1 promote clinical resistance to alpelisib plus aromatase inhibitors. Nat
Cancer. 2020;1(4):382-393. doi:10.1038/s43018-020-0047-1

29. Cheng FT, Ou-Yang F, Lapke N, et al. Pazopanib Sensitivity in a Patient With Breast Cancer and FGFR1 Amplification. J Natl Compr Canc Netw.
2017;15(12):1456-1459. doi:10.6004/jnccn.2017.7030

30. Loriot Y, Necchi A, Park SH, et al. Erdafitinib in Locally Advanced or Metastatic Urothelial Carcinoma. N Engl J Med. 2019;381(4):338-348.
doi:10.1056/NEJMoa1817323

Figures

Figure 1

The distribution of (A) ERBB2 and (B) PIK3CA mutations observed in our study. (C) The distribution and types of ERBB2, PIK3CA, PTEN, and FGFR1
alterations in PLC cases from TCGA.
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