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Abstract: Gene expression signatures provide valuable information to guide postoperative treatment in breast can-
cer (BC) patients. However, genetic tests are prohibitively expensive for the majority of BC patients. Immunohisto-
chemical staining (IHC) subtype classification system has been widely used for treatment guideline and is afford-
able to most BC patients. We aimed to revise immunohistochemical staining (IHC) subtyping to better match gene
expression-based Prediction Analysis of Microarray 50 (PAM50) subtyping. Real world data of 372 BC patients were
recruited in the Tri-Service General Hospital between Jan 2019 and Dec 2021. Clinical pathological information,
blood, twelve pathological tissue slide samples, and fresh surgical tumor specimens were collected to examine IHC
and PAM50. Current IHC subtyping (cIHC) tends to misclassify PAM50-based luminal A (lum A) to luminal B (lum
B) by 35.81%, PAM50-lum B to PAM50-lum A by 9.09%, PAM50-Her2-enriched to lum B by 61.11%, PAM50-based
Her2-enriched to lum B by 61.11%, and PAM50-based basal-like to lum B by 33.33%. We used random forest to
identify estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (Her2), and
Ki-67 status as the best indicators for revised IHC subtyping (rlIHC4) and revised the classification rules by stratified
analysis and prediction efficacy. rIHC4 increased the concordance rate for PAM50 subtypes from 68.3% to 74.7%.
Both sensitivity and precision increased in most rIHC4 subtypes. Sensitivity increased from 33.3% to 87.4% in the
Her2-enriched subtype; precision increased more evidently in the basal-like and lum B subtypes, from 71.4% to
83.3% and 57% to 65.1%, respectively. Our rIHC4 subtyping improved consistency with the PAM50 subtype, which
could improve clinical management of BC patients without increasing medical expense.
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Introduction According to the National Comprehensive Can-
cer Network® guidelines, surrogate (molecular-
like) BC subtyping is assessed using immuno-

histochemical (IHC) staining. Lum A-like BCs

Breast cancer (BC) is the most common malig-
nant tumor in women worldwide in terms of

morbidity and mortality [1, 2]. The precise clas-
sification of BCs into clinically relevant sub-
types is crucial for making optimal therapeutic
decisions, as it is believed that BCs with differ-
ent histological and biological characteristics
exhibit varying treatment responses. Therefore,
there is an urgent need for such classification
[3, 4].

show expression of hormone receptor (HR), no
overexpression of Her2, low Ki-67 expression
(and a low/intermediate tumor grade). Lum
B-like Her2-negative tumors display HR positiv-
ity and Her2 negativity but high Ki-67 (and/or
high-grade morphology), whereas lum B-like
Her2-positive BCs express both HRs and Her2
independently of the proliferation rate (tumor
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grade: low, intermediate or high). Her2-positive
(non-luminal) BCs show Her2 positivity but HR
negativity. As mentioned above, triple-negative
breast cancers (TNBCs) display both negative
HR and Her2 statuses [5-9]. Therapy options
include surgical and radiation therapies as well
as systemic therapy, such as endocrine therapy
and chemotherapy. The treatment strategy is
determined individually for each breast cancer
patient based on the biology of both the tumor
and patient, as well as according to internation-
al and national guidelines [7-9]. BC patients
with lum A have a very good prognosis and ben-
efitin a clinically relevant dimension from endo-
crine therapy alone but not from chemotherapy
[10]. However, due to endocrine resistance,
patients with lum B tumors might have a poorer
prognosis if treated with endocrine therapy
alone [11] but might profit from chemotherapy
[12, 13]. Her2-enriched BCs are highly sensi-
tive to anti-Her2 agents [14]. Finally, patients
with basal-like BC benefit from chemotherapy
[15]. In patients with HR+/Her2- BC who have
an intermediate risk of recurrence, as estimat-
ed using conventional clinical and pathological
risk factors, the decision of whether to use
adjuvant chemotherapy is very challenging for
clinicians.

However, accumulating evidence suggests that
standard IHC-based classifications are less
effective than newly developed gene expres-
sion-based molecular subtyping. Intrinsic sub-
typing, based on high-throughput technologies,
suggests similar tumors follow the same path
and require treatment [3]. RNA profiling of
tumor tissues can reflect more complex charac-
teristics of breast cancer and provide better
prediction of breast cancer outcomes [16-18].
Multiple molecular-based prognostic tools
have been developed for breast cancer, in-
cluding Mamma Print®, Oncotype DX®, Endo-
Predict® and Prosigna® [19-22]. In particular,
the PAM50 (Prediction Analysis of Microarray
50)-based Prosigna® (NanoString nCounter
platform) classification has been shown to be a
powerful tool for predicting the risk of recur-
rence and provides guidance for adjuvant treat-
ment decisions [23-25].

An increasing number of studies have been
performed to explore the relationship of IHC
markers to molecular subtypes [26-29]. App-
roximately 20%-38.4% of cases were discor-
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dant between the IHC-based subtype and the
PAM50 intrinsic subtype, and the most
disagreement was in luminal (HR+, Her2-) sub-
type breast cancer. A significant proportion of
patients had a mismatch between their IHC
subtype and their PAM50 intrinsic subtype. The
survival analysis revealed that the current IHC-
based classification may mislead treatment
and result in a poor outcome. Current IHC
guidelines may be revised accordingly. However,
the clinical use of the PAM50 assay remains
limited due to its high cost and technical
requirements. Discordant therapy choices
resulting from PAM5O0 intrinsic subtyping and
risk of recurrence (PAM50-ROR) use result in
quality losses. This case study illustrates that
value-based payment models need safeguards
to avoid the potentially suboptimal substitution
of preferred interventions [30]. PAM50 costs
approximately 5,300 US dollars per session in
Taiwan. It leads to a substantial medical cost
burden at the national level and is not afford-
able for most patients who are from low-income
countries. In addition, it remains controversial
whether genomic assays should be applied rou-
tinely. If we can lower the discrepancy between
IHC subtype and PAM50, that would be an
instant solution to this issue without adding any
medical expense; moreover, this solution would
be affordable by most BC patients. We aim to
revise the current IHC subtype classification to
increase the concordance with PAM50 and
compare the classification performance with
the current IHC subtype classification.

Methods and materials
Study samples

Between Jan 2019 and Dec 2021, we recruited
breast cancer patients from the Tri-Service
General Hospital. The inclusion criteria were as
follows: 1) age greater than or equal to 20 years
old when signing the agreement; 2) diagnosed
with invasive breast cancer (unlimited period);
3) the largest diameter of the tumor must be
greater than or equal to 1.0 cm before surgery;
and 4) understand and be willing to sign the
informed consent form. The exclusion criteria
were as follows: 1) diagnosis of carcinoma in
situ breast cancer; 2) patients who received
anticancer treatment such as preoperative
chemotherapy, hormone therapy, or targeted
therapy; and 3) previous history of invasive
breast cancer.
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A total of 372 patients were enrolled in the
study. We collected clinical pathological infor-
mation, blood, twelve pathological tissue slide
samples, and fresh surgical tumor specimens.
The clinical and pathological data included
diagnosed age, operation types, grading, IHC
expression of ER, PR, Her2, and Ki-67 status,
tumor size, lymph node status, PAM50 intrinsic
subtypes, and IHC subtypes. All study partici-
pants signed informed consent forms, and the
Tri-Service General Hospital’s institutional ethi-
cal committees approved the study’s protocols
(TSGH IRB no. 2-107-05-141,).

Immunohistochemical subtyping

IHC subtypes were categorized into four class-
es, including lum A, lum B, Her2-enriched, and
TNBC (corresponding to PAM50-based basal-
like). All slides were prepared at our institution
and read by three pathologists. For the purpos-
es of this study, ER/PR positivity was deter-
mined by IHC analysis of the number of posi-
tively stained nuclei (>1%), and Her2 positivity
was defined as IHC 3+ or fluorescence in situ
hybridization (FISH) positive.

RNA preparation, gqRT-PCR, and assignment of
biological subtype

For all subjects, one piece of 4-5 yM and 2 to 6
pieces (depending on the size of the sampled
tumor tissue) of 10 uM tumor pathology slides
were analyzed by Nanostring technology for
messenger RNA (mRNA) extraction and PAM50
classification detection.

PAM50 intrinsic subtype prediction

The NanoString nCounter Breast Cancer 360™
Panel, which could analyze a total of 770 genes,
was used to analyze the gene expression of
breast tumors in the study. Then, we used
PAM50 to classify the intrinsic subtypes of
breast tumors. PAM50, a 50-gene subtype pre-
dictor, is a standardized classification method.
According to the RT-qPCR quantitative results
of 50 classified genes and 5 control genes,
breast tumors can be categorized into four
intrinsic subtypes: lum A, lum B, Her2-enriched,
and basal-like.

Random forests
Random forests or random decision forests are

ensemble learning methods for classification,
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regression and other tasks that operates by
constructing a multitude of decision trees at
training time. Random forests deals with the
problem of overfitting by creating multiple
trees, with each tree trained slightly differently
so that it overfits differently. It can create a less
biased model and is useful in feature selection.
We used random forests to select the impor-
tant clinical features for PAM50 classification.

Receiver operating characteristic (ROC) curve

The ROC curve is a dichotomous classifier,
defining sensitivity (true positive rate, TPR) on
the y-axis and (1 - specificity) (false positive
rate, FPR) on the x-axis. The curve could be use-
ful in determining the optimal cutoff point and
evaluating the discriminatory ability of measur-
ing tools. Here, we used the R package ‘cut-
point’ to plot ROC curves and to estimate the
optimal cutoff point of Ki67 using Youden’s J
statistic (also called Youden’s index). The for-
mula is J = sensitivity + specificity - 1. The index
is defined for all points of an ROC curve, and
the maximum value of the index was defined as
a criterion for selecting the optimum cutoff
point.

Results

Asshown in Table 1, 372 breast cancer patients
were included in the analysis. Their ages ranged
from 33 to 93 years old, and the average age
was 58 years old. We stratified the patients by
PAM 50 subtyping, e.g., lum A (n=148), lum B
(n=143), Her2-enriched (n=54) and basal-like
(n=27). The majority of patients were lum A or
lum B, which accounted for 78.2% of all
patients. The distribution of the operation type
and lymph node status was not significantly dif-
ferent among PAM50-based subtypes. The sta-
tuses of ER, PR, Her2, grade, Ki67, and tumor
size were related to PAM50. The current IHC
subtyping was associated with the PAM50
subtyping.

Molecular subtyping has been used as a tool
for precise subtyping in clinical practice.
Additionally, PAM50 subtypes correspond with
IHC-based subtypes. Therefore, we compared
the concordance between molecular PAM50
subtyping and nonmolecular IHC subtyping. As
shown in Figure 1, although IHC subtyping was
associated with PAM50 subtyping, it presented
a substantial discordance with PAM50 subtyp-
ing that hindered the application of IHC-based
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Table 1. The characteristics of breast cancer patients grouped by PAM50

PAM50
Luminal A Luminal B Her2-enriched Basal-like Pvalue
(n=148) (n=143) (n=54) (n=27)
Diagnosed age 0.27
Mean (SD) 55.8 (11.5) 58.2 (12.1) 58.4 (13.3) 58.3 (10.3)
Median [Min, Max] 53.5[33.0, 90.0] 57.0 [33.0, 93.0] 58.5[24.0, 82.0] 58.0 [40.0, 78.0]
Operation type 0.46
Breast-conserving surgery 72 (48.6%) 70 (49.0%) 20 (37.0%) 12 (44.4%)
Modified radical mastectomy 76 (51.4%) 73 (51.0%) 34 (63.0%) 15 (55.6%)
ER 5.00E-04
4 (2.7%) 0 (0%) 24 (44.4%) 21 (77.8%)
+ 144 (97.3%) 143 (100%) 30 (55.6%) 6 (22.2%)
PR 2.50E-23
15 (10.1%) 15 (10.5%) 30 (55.6%) 21 (77.8%)
+ 133 (89.9%) 128 (89.5%) 24 (44.4%) 6 (22.2%)
Her2 8.10E-41
144 (97.3%) 127 (88.8%) 8 (14.8%) 24 (88.9%)
+ 4 (2.7%) 16 (11.2%) 46 (85.2%) 3(11.1%)
Grade 5.00E-04
1 38 (25.7%) 5 (3.5%) 1 (1.9%) 0 (0%)
2 99 (66.9%) 81 (56.6%) 12 (22.2%) 3(11.1%)
3 11 (7.4%) 57 (39.9%) 41 (75.9%) 24 (88.9%)
Kie7 1.80E-52
Mean (SD) 12.2 (8.92) 28.4 (14.7) 43.1(18.1) 54.3 (20.5)
Median [Min, Max] 10.0 [1.00, 60.0] 25.0 [5.00, 75.0] 40.0[15.0, 80.0] 60.0 [20.0, 90.0]
Ki67 (cutoff point =14) 9.20E-33
96 (64.9%) 13 (9.1%) 0 (0%) 0 (0%)
+ 52 (35.1%) 130 (90.9%) 54 (100%) 27 (100%)
Ki67 (cutoff point =20) 5.20E-30
114 (77.0%) 35 (24.5%) 4 (7.4%) 0 (0%)
+ 34 (23.0%) 108 (75.5%) 50 (92.6%) 27 (100%)
Tumor size 1.80E-03
Mean (SD) 1.95 (0.972) 2.29 (1.09) 2.49 (1.04) 2.44 (1.08)
Median [Min, Max] 1.80 [0.600, 5.80] 2.10[0.400, 7.00] 2.20[0.700, 5.10] 2.20 [1.10, 6.00]
Tumor size (cut 2 cm) 0.012
Small 84 (56.8%) 66 (46.2%) 20 (37.0%) 8(29.6%)
Large 64 (43.2%) 77 (53.8%) 34 (63.0%) 19 (70.4%)
Lymph node number 0.77
Mean (SD) 1.72 (5.14) 1.86 (4.26) 2.09 (3.48) 2.70 (5.30)
Median [Min, Max] 0 [0, 37.0] 0 [0, 33.0] 1.00 [0, 15.0] 00, 24.0]
Lymph node 0.074
101 (68.2%) 89 (62.2%) 26 (48.1%) 16 (59.3%)
+ 47 (31.8%) 54 (37.8%) 28 (51.9%) 11 (40.7%)
IHC subtypes (Ki67 cutoff point =14) 5.00E-04
Luminal A-like 91 (61.5%) 13 (9.1%) 0 (0%) 0 (0%)
Luminal B-like 53 (35.8%) 130 (90.9%) 33 (61.1%) 9 (33.3%)
Her2-enriched 1(0.7%) 0 (0%) 18 (33.3%) 3(11.1%)
TNBC 3(2.0%) 0 (0%) 3(5.6%) 15 (55.6%)

subtypes in precise treatment strategies for
breast cancer patients. Current IHC subtyping
(cIHC) tended to misclassify PAM50-based lum
Ato lum B by 35.81%, PAM50-lum B to lum A by
9.09%, PAM50-Her2-enriched to lum B by
61.11%, PAM50-based Her2-enriched to lum B
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by 61.11%, and PAM50-based basal-like to lum
B by 33.33%.

We explored the new classification rules for BC

patients with affordable IHC4 indicators and
current clinical indicators. We used random for-
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Figure 1. PieDonut chart of current IHC-based subtypes versus PAM50-

based subtypes of breast cancer patients.

ests, an ensemble learning method for classifi-
cation, to select the important features for pre-
dicting PAM50 subtypes. Figure 2 shows the
importance of relative clinical indicators. The
top five were Ki67, Her2, ER, and grade PR.
Except for grade, the other four are the same
indicators of IHC subtyping. We used these indi-
cators to re-evaluate the classification rules of
IHC subtyping. Either ER or PR positivity was
used to define clHC4-based lum A and clHC4-
based lum B. In the case of losing possible
valuable information for developing new classi-
fication rules, we treated them as an indepen-
dent indicator.

The distribution of PAM50-based subtypes of
BC patients stratified by ER, PR, Her2, Ki67 and
grade is shown in Figure 3. PAM50-based lum
A and lum B were hard to discriminate perfectly
in patients with ER+/PR+Her2- at a Ki67 value
of approximately 14 (Figure 4). The grades did
not seem to contribute to classification. We
used the ROC curve to choose the optimal cut-
off point of Ki67 for discriminating bet-
ween PAM50-based lum A and PAM50-based
lum B using the Youden index. The result is
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LumB
(35.81%)

shown in Figure 4. For identi-
fying PAM50-based lum A, the
optimal cutoff point of Ki67
was 12. The sensitivity, speci-
ficity, and accuracy were 0.63,
0.89, and 0.78, respectively.
For identifying PAM50-based
lum B, the optimal cutoff point
of Ki67 was 15. The sensitivi-
ty, specificity and accuracy
were 0.89, 0.59 and 0.73,
respectively. We leveraged the
best cut among 12-15 for the
whole classification accuracy
and found that there were no
differences among Ki67 cut-
off points 12, 13 and 14, but
the accuracy was worse for
Ki67 cutoff point 15 (data not
shown). We maintained the
Ki67 cutoff point at 14 (cur-
rent clinical standard) to dis-
criminate lum A (Ki67<14) and
lum B (Ki67>14) in ER+/
PR+Her2- patients.

Lum B- and Her2-enriched
patients were hard to discrimi-
nate from ER+/PR+/Her2+ BC
patients (Figure 3H). Among these patients,
we found that major PAMb50-based Her2-
enriched patients were Her2+ (3+) and major
PAM50-based lum B patients were Her2+ (2+).
The detailed Her2 test results (2+ and 3+)
could decrease the misclassification of PAM50-
based Her2-enriched patients via IHC (Figure
5). This indicates that ER+/PR+/Her2+ (2+)
should be reclassified as lum B.

In Figure 3, we learned that Her2-enriched
patients appeared in ER+ or PR+ subgroups,
contradictory to the current IHC4 classification
of Her2-enriched patients whose ER and
PR have to be negative. This classification
should be redefined. The PAM50 Her2-enriched
patients accounted for 82% of all Her2+ (3+)
patients (n=52) (Figure 5B). This result indicat-
ed that Her2+ (3+) status was important for
defining Her2-enriched patients.

In the current IHC4 classification, ER-/PR-/
Her2- patients were defined as TNBC (equal to
basal-like). As shown in Figure 1, we observed
that basal-like patients existed not only in ER-/
PR-/Her2- patients but also in ER-/PR+/Her2-,

Am J Cancer Res 2023;13(11):5719-5732



PAM50 concordance increased with revised IHC subtyping

KIB7 [ -------mommmemm e oo 0
Her2f--------------mmmmmmooo - O----mmmmem-
ER fron-mmsmmemmmmms oo O R
Grade [--------- O
PR|----- T RGIECGeETT L LT EELTRELRE

Lymph node | O ------------mmmm o

Tumor size [O-----=--mmmmmsmmmmmen i

0 10 20 30 40 50 60
Mean Decrease Accuracy

Figure 2. Feature importance for PAM50 subtypes
using the random forest model. The higher the
mean decrease accuracy is, the more important the
feature. The top five features were Ki67, Her2, ER,
grade and PR.

ER-/PR-/Her2+ and ER+/PR-/Her2- patients.
The Ki67 cutoff point of 14 decreased the mis-
classification of basal-like patients. In addition,
all ER-/PR+/Her2- patients were basal-like. In
summary, the revised classification of basal-
like patients with ER-/PR-/Her2-/Ki67>14 and
ER-/PR+/Her2- could increase the classifica-
tion accuracy.

Using the original indicators ER, PR, Her2, and
Ki67, we revised the IHC4 classification to be
more consistent with PAM50 subtypes. Table 2
lists the revised rules. The confusion matrix of
rlIHC4 and PAM50 is shown in Table 3. When we
compared the classification accuracy of our
revised IHC4 (rIHC4) and current IHC4 (cIHC4),
we discovered that rIHC4 outperformed cIlHC4
and was more similar to the PAM50 classifica-
tion. Using rIHC4, the total accuracy increased
from 68.3% to 74.7%, with a total increase of
6.4%. The sensitivity of Her2-enriched subtyp-
ing increased most from 33.3% to 81.5%, with
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a total increase of 48.2%. Except for lum B, the
sensitivities of the other three subtypes were
better than or no less than those of clHCA4.
Regarding precisions, rIHC4 outperformed
clHC. Lum B and basal-like patients’ recall
rates rose dramatically, from 57% to 65.1% and
71.4% to 83%, respectively. Overall, the rIHC4
and current IHC4 recall rates were 75% and
68%, respectively. In conclusion, rIHC4 outper-
formed cIHC4 and was more in line with PAM50
(Figure 6).

Discussion

In this study, we developed revised IHC4 clas-
sification guidelines using the same clinical
indicators (ER, PR, Her2 and Ki67) but amend-
ed decision rules to make the classification of
lum A, lum B, Her2-enriched and Basal-like sub-
types more concordant with PAM50. This is the
first study to discuss the concordance of IHC
subtypes and PAM50 subtypes by modifying
the IHC classification rules. In addition, we
included a large number of Taiwanese breast
cancer patients for the comparison of IHC and
PAM50 subtypes. The total concordance rate
between our rIHC4 and PAM50 increased from
68.3% (cIHC4) to 74.7%, which represented a
6.4% increase. The sensitivity of rIHC-based
Her2-enriched subtypes increased from 33.3%
to 81.5%, which represented a 48.2% increase.
Compared with clHC, our rIHC4 provided more
precise subtyping for treatment strategy with-
out increasing extra medical expenses. It has a
significant clinical impact, particularly for BC
patients who are unable to afford the PAM50
test.

A previous study demonstrated that both IHC-
based and PAM50-based subtypes are predic-
tive of breast cancer mortality but exhibit dis-
cordance that should be modified [31]. PAM50
subtyping can improve risk prediction for ER+/
PR+ tumors, especially for ER+/PR+/Her2-
tumors; it can be implemented as an additional
tool for this subtype to improve disease man-
agement. Because the technological complexi-
ty and high operating costs have limited the
use of molecular detection, the ability of PAM50
to accurately predict prognosis in patients with
breast cancer has not been compared with that
of fresh tissue. To date, there is limited real-
world data evaluating PAM50. The availability
of PAM50 results increased the confidence of
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Figure 3. Scatter plots of breast cancer patients colored by PAM50 subtype
and stratified by ER(+/-), PR(+/-) and Her2(+/-). X denotes Ki67, and Y de-

notes the grade.

treating physicians in their adjuvant treatment
decisions and led to a 24% [(b3+1+3+13)/
(148+143)%] change in the chemotherapy
treatment plan (from adjuvant chemotherapy
to no adjuvant chemotherapy or vice versa) in
our study.

The discordance between PAM50 subtyping
and IHC4 (ER, PR, Her2, Ki67) subtyping indi-
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Kie7

50 75 cancer be treated according
to the pathologic determina-
Basal-like tion of ER, PR, Her2, and Ki-67

[32, 33]. Ki-67 and the IHC-
based subtypes are helpful for
accurate classification and
contribute to the low concor-
dance between the two clas-
sifications. We observed the importance of
Ki67 in the classification of IHC-based lum A,
lum B, and basal-like patients. Discrepancies in
surrogate subtyping were due to significant dif-
ferences in both Ki-67 expression values and
tumor grade assessments. These findings con-
firm that, to date, the distinction between lum
A-like and lum B-like tumors by IHC is still prob-
lematic and controversial. Some people sug-
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Figure 4. Exploring the best cutoff point of Ki67 for discriminating between luminal A (Lum A) and luminal B (Lum
B) in ER+/PR+/Her2- breast cancer patients using an ROC curve. The best cutoff point was defined by the Youden

index.

gest emphasizing grade and PR expression
with regard to luminal subtype distinction [22,
34].

In our study, we separated the HR+, Ki67, and
grade to find out how they related to the luminal
subtype. We then linked them to PAM50 to get
the most accurate results. However, we found
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that the grade did not obviously improve the
IHC subtyping. In addition, we also used two
Ki67 cutoff points (14% and 20%), and the 14%
cutoff point yielded better classification accu-
racy than the 20% cutoff point. Una et al. [34]
concluded that if the tumor grade was 2 or the
Ki67 score was intermediate, the PAM50 test
should be used to check if the patient has the

Am J Cancer Res 2023;13(11):5719-5732
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12 A PAMS0 subtype
M Luminal A 35 4
M Luminal B

M Her2-enriched 30
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4.
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2 5 |
0- 0
2+ 3+
Her2

PAMS0 subtype

that of patients with low PR
expression (£20%). Li et al.

W Luminal A ; -

m Luminal B [35] showed that in luminal-
| Her2—-enriched type patients, there was no sta-
1 Basal-like tistically significant differen-

2+ 3+
Her2

Figure 5. The distribution of PAM 50 subtypes in (A) ER+/PR+/Her2+ and (B)
Her2+ breast cancer patients. (A) Her2-enriched patients were mostly Her2+

(3+), and lum B patients were mostly Her2+ (2+). (B)

Her2-enriched patients

were mostly Her2+ (3+), and lum B patients were mostly Her2+ (2+).

Table 2. The table of revised IHC and PAM50 subtypes

Revised IHC subtypes Definition

IHC-based Lum A

*ER-/PR-/Her2-/ki67<14

(ER+/PR+)/Her2-/ki67<14

IHC-based Lum B

(ER+/PR+)/Her2-/ki67=14

*ER+/PR+/Her2+ (2+ and FISH+)

ce in the clinicopathological
features between patients
with low PR expression (1% to
19%) and those without PR
expression. These results sug-
gested that 20% should be
used as the PR cutoff between
lum A and lum B. Similar to our
results, ER-, low PR expres-
sion (<10%), and Her2- were
included in a PAMb50-based
basal-like group.

Intriguingly, if Ki67 is less than
14 in IHC-based basal-like
patients, the PAM50 result is
lum A, whereas if Ki67 is
greater than 14, the PAM50
result is genuinely basal-like.
This may explain why some
patients with TNBC have a
very excellent prognosis after

*ER-/PR>20/Her2- adequate treatment, but so-
IHC-based Her2-enriched ER-/PR-/Her2+ me patients still experience
*ER+/PR+/Her2+ (3+) recurrence or metastasis after
*ER+/PR-/Her2+ chemotherapy. In addition,
*ER-/PR+/Her2+ androgen receptor (AR) expre-
IHC-based Basal-like *ER-/PR<20/Her2- ssion is negatively correlated
ER-/PR-/Her2-/*Ki67214 with Ki-67 expression in TNBC

*denotes the difference from the current IHC4 classification and is marked in bold

font.

lum A or B subtype. We also discovered that
in ER+/PR+/Her2-/Grade 2 breast cancer pa-
tients, if Ki67 was less than 14, the possibility
of lum A was high, similar to PAM50 lum A, and
if Ki67 was greater than 30, the possibility of
lum B was good, similar to PAM50 lum B (Figure
S1). If Kie7 was between 14 and 30 in ER+/
PR+/Her2-/Grade2breastcancerpatients, PAM-
50 was suggested to determine the molecular
subtype for further management.

Several pieces of evidence show that endo-
crine therapy works better on PR-positive
tumors that have been treated with neoadju-
vant therapy. Prat et al. [17] reported that the
disease-free survival of patients with high PR ex-
pression (>20%) was significantly longer than
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[36]. A higher Ki-67 expres-
sion or a lower AR expression
was associated with an in-

creased risk of metastasis. According to the
findings of Hon et al. [37], TNBC expressing AR
may benefit from therapies targeting AR or
other luminal pathways.

Many studies have shown that cases with low
ER expression (1% to 9%) are similar to
ER-negative cases; it is difficult for these
patients to benefit from endocrine therapy, and
their recurrence-free survival was significantly
shorter than that of ER>10% patients [38, 39].
The 2015 St. Gallen consensus suggested that
ER expression ranging from 1% to 9% of breast
cancer is a hormone receptor uncertainty sta-
tus, and the decision of whether to use endo-
crine therapy cannot depend on the results of
IHC analysis and requires comprehensive con-

Am J Cancer Res 2023;13(11):5719-5732
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Table 3. The confusion matrix of revised IHC4-based and PAM50-based subtypes
PAM50-based subtypes

Lum A Lum B Her2-enriched Basal-like Overall
(n=148) (n=143) (n=54) (n=27) (n=372)
Revised IHC4-based subtypes Lum A 94 (63.5%) 13 (9.1%) 0 (0%) 0 (0%) 107 (28.8%)
Lum B 51 (34.5%) 125 (87.4%) 7 (13.0%) 9(33.3%) 192 (51.6%)
Her2-enriched 3(2.0%) 5 (3.5%) 44 (81.5%) 3(11.1%) 55 (14.8%)
TNBC 0 (0%) 0 (0%) 3 (5.6%) 15 (55.6%) 18 (4.8%)
A LumB B&s;ls—;él;e B LumB (5;&5?326)

(33.3%) |
\_adl

(33.33%) |
Her2-enriched \\ \ \

\ (33.33%) ’
LumB
(61.11%)

PAMS0_gp

PAMS50_gp

LimA LumA
(9.1%) (9.09%)
C Positive prediction rate D Sensitivity
1 mrHC4  mclHC4 ! mrHC4  mclHC4
09 0.9
08 0.8
07 0.7
0.6 0.6
05 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0
LumA LumB Her2- Basal-like LumA LumB Her2- Basal-like
enriched enriched
Sensitivity Precision
PAM50 subtype Delta Delta
rIHC4 clHC4 (HHCA-cIHCA) rIHC4 clHC4 (HHCA-cIHCA)

Lum A 94/148=63.5% 91/148=61.5% 2% 94/107=87.9% 91/104=87.5% 0.4%

Lum B 125/143=87.4% 130/143=90.9% -3.5% 125/192=65.1% 130/225=57% 8.1%

Her2-enriched 44/54=81.5% 18/54=33.3% 48.2% 44/55=82.7% 18/22=81.8% 0.9%

Basal-like 15/27=55.6 15/27=55.6% 0% 15/18=83.3% 15/21=71.4% 11.9%

Concordance rate  rlHC4: 278/372=74.7%
clHC: 254/372=68.3%

Figure 6. Comparison of (A) revised IHC4 (rIHC4), (B) current IHC4 (cIHC4) and PAM 50 classifications. The rIHC4
outperforms the cIHC4 and is more concordant with PAM50. The precisions and sensitivities of predicting PAM50
subtypes using rlHC4 and IHC4 were shown in (C) and (D) plots. Concordance rate = Total correct prediction num-
ber/Total number.
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sideration [32]. Our results showed that in IHC-
based lum A patients, if Ki67 was less than 14,
the PAM50 result was basal-like. However,
PCR was not sensitive enough to detect cases
with low HR expression, which may be related
to the insufficient number of cases with low HR
expression in our research.

Furthermore, agreement between PAM50
Her2-enriched tumors and the Her2-positive
subtype defined by standard IHC/FISH is not
always given [40, 41], which might lead to con-
fusion and changes in definition. Approximately
15 to 20% of breast cancers are Her2+, and it
is independently associated with a higher
grade, a more aggressive phenotype, and a
poorer prognosis [42]. In our revised IHC sub-
typing, ER+/PR+/Her2 2+/FISH+ was classified
as lum B, and the PAM50 Her2-enriched group
included ER+/PR+/Her2 3+, ER-/PR-/Her2+,
ER+/PR-/Her2+, and ER-/PR+/Her2+. Although
the new definition did not alter the current
treatment plan (chemotherapy plus targeted
therapy), it demonstrated that the tumor exited
heterogeneity and that possible targeted thera-
py did not have a good response in the lum B
subtype compared to the Her2-enriched sub-
type. New therapies continue to emerge, such
as anti-Her2 agents and immunotherapy medi-
cations combined with anti-Her2 agents. A
more precise subclassification of the Her2-
positive subtype was required for precise medi-
cine [42].

Limitations

Limitations in this study that should be acknowl-
edged include the lack of detailed cost-benefit
estimations, which are ongoing. Furthermore,
no follow-up is available yet, although it is likely
that the results of similar demographics would
be comparable [34]. Although the study popula-
tion was limited, this study specifically studied
the clinical results of the PAM50 and compared
them with currently used treatment guidelines,
with the aim of allowing clinicians to make more
informed treatment decisions.

Conclusions

Our rIHC4 subtyping improved consistency with
the PAM50 subtype, which could improve clini-
cal management of BC patients without increas-
ing medical expense. The proposed classifica-
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tion rules may help improve future versions of
the treatment guidelines.
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Figure S1. The distribution of PAM50 subtypes in breast cancer patients with Grade 2. X axis is Ki67 level and y axis is positive lymph node number.



