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Abstract: Introduction. Breast cancer is the most common malignant tumor in women, particularly in Algeria,
where it ranks first in terms of incidence. It is classified into molecular subtypes (Luminal A, Luminal B, HER2,
and Triple-Negative), which guide therapeutic decisions. Gamma-glutamyl hydrolase (GGH), an enzyme involved
in folate metabolism, has been proposed as a biomarker in certain hormone-dependent cancers, but its role in breast
cancer, especially the Luminal B subtype, remains poorly understood. This first Algerian study aims to evaluate
the immunohistochemical expression of GGH in invasive breast cancer tissues and to analyze its correlation with
clinicopathological features, particularly molecular subtypes. Materials and Methods. GGH expression was
analyzed by immunohistochemistry on paraffin-embedded tissue samples, and the H-score was calculated based
on the intensity and proportion of stained tumor cells. Results were correlated with clinicopathological parameters
using the Chi-square test. Results. GGH overexpression was observed in 61.66% of cases, while 38.33% showed
no expression. A significant association was found between GGH overexpression and estrogen receptor-positive
tumors (89.18%, p = 0.011), high proliferation index (94.59%, p < 0.001) and the Luminal B molecular subtype
(83.78%, p < 0.001). Conclusion. GGH expression is significantly increased in Luminal B breast cancers,
suggesting its involvement in tumor progression. These findings highlight the potential of GGH as a prognostic
biomarker and a promising therapeutic target, particularly for patients with the Luminal B subtype. Further studies
are needed to validate these results on a larger scale and to explore the underlying molecular mechanisms.
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1. Introduction

Breast cancer is the most common malignant tumor among women worldwide and represents a major public
health concern. Its incidence has increased significantly over the past two decades [1]. In Algeria, breast cancer
ranks as the leading cancer in women, highlighting the urgent need for improved screening, diagnosis, and
management strategies [2].

Based on a pioneering study by Perou et al., later validated by several transcriptomic analyses, breast tumors
are classified into intrinsic molecular subtypes: Luminal A, Luminal B, HER2-enriched, and triple-negative. This
classification plays a critical role in guiding therapeutic decisions and predicting response to treatment [3]. Several
well-established markers, including axillary lymph node status, tumor size, histological grade, hormone receptor
status, and HER?2 status, are used for prognostic evaluation, diagnosis, and treatment decisions. However, it should
be noted that several new prognostic markers highlight the heterogeneity of breast cancer, particularly luminal B
breast cancer, which is in greater need of therapeutic advances. One of the objectives of research on luminal B
cancer is the identification of new biological markers and new therapeutic targets to improve patient survival.
Gamma-glutamyl hydrolase (GGH) is a lysosomal enzyme involved in the metabolism of folates and anti-folates.
It acts as an endo- and/or exo-peptidase to cleave the gamma-polyglutamate chains that are attached to folates and
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anti-folates after they enter a mammalian cell. While the addition of multiple glutamates is necessary to allow the
cell to retain folates and anti-folates [4], GGH plays an important role in cellular folate homeostasis. By cleaving
polyglutamates from extracellular folate-polyglutamates, it enables their import into the cell [5]. Studies have
demonstrated a higher GGH expression in certain subtypes of breast cancer, particularly in more aggressive and
hormone receptor-negative tumors, where it has been associated with reduced responsiveness to folate-based
chemotherapy agents such as methotrexate [6]. Lung Cancer: In non-small cell lung cancer (NSCLC), elevated
GGH levels have been linked to increased resistance to pemetrexed, a chemotherapy drug that works through
folate metabolism [7]. Some studies have explored GGH inhibition as a strategy to overcome resistance. In vitro
and in vivo models have shown that GGH inhibitors, when combined with chemotherapy, can restore sensitivity
to methotrexate and other antifolate drugs [8]. A previous study demonstrated that GGH activity is epigenetically
regulated through promoter methylation in acute lymphoblastic leukemia (ALL) cells. Specifically,
hypermethylation of CpG1l and CpG?2 islands within the GGH promoter region was associated with a marked
downregulation of GGH expression, leading to a significant accumulation of methotrexate (MTX) polyglutamates.
This alteration in drug metabolism may have important implications for treatment efficacy and resistance
mechanisms in ALL [9]. Dysregulated glutamatergic signaling has been implicated in tumor proliferation and
survival through the activation of MAPK and PI3K/Akt pathways, particularly in gliomas [10].

We hypothesize that GGH overexpression is significantly associated with the Luminal B molecular subtype
in breast cancer and correlates with poor prognosis markers, including high proliferation index (Ki67), estrogen
receptor (ER) positivity, and lymph node infiltration. Furthermore, we believe that GGH could serve as a valuable
prognostic marker and a potential therapeutic target for patients with Luminal B subtype breast cancer.

This study aims to evaluate the immunohistochemical expression of GGH in breast cancer tissues and its
correlation with clinicopathological features, focusing on the Luminal B subtype. To our knowledge, this is the
first cohort study in Algeria to explore the relationship between GGH expression and breast cancer molecular
subtypes, addressing a significant gap in the literature and providing valuable insights into its potential role in
breast cancer management.

2. Material and Methods

This study included a total of 60 cases of invasive breast carcinoma collected from female patients who
underwent mastectomy and were diagnosed with breast cancer at the Pathology Department of the University
Hospital of Sidi Bel Abbes, between 1 January 2018, and 31 December 2023. The selection was made to ensure
high quality and completeness of clinical and pathological data.

Cases were excluded from the study based on several criteria to ensure data quality and consistency. These
included the absence of sufficient tumor tissue for analysis, incomplete or missing clinical records, and male breast
cancer, which was excluded to maintain a homogeneous cohort focused exclusively on female breast pathology.
Additionally, patients who had received chemotherapy prior to tissue sampling were excluded in order to avoid
any potential bias in the immunohistochemical assessment of GGH expression, as treatment could alter the natural
expression profile of the protein

The final study cohort consisted of female patients aged between 25 and 89 years, with a median age of
59 years. Key histoclinical features—such as histological subtype, tumor size, lymph node involvement, SBR
grade, and metastatic status—were retrieved from patient medical records.

All data were collected with strict adherence to patient confidentiality, and the study was conducted under
ethical approval granted by the relevant institutional review board.

GGH expression was assessed by immunohistochemistry (IHC) using tissue sections from formalin-fixed,
paraffin-embedded breast tumor samples. To ensure the reliability and specificity of the immunostaining procedure,
several internal validation steps were implemented:

The anti-GGH antibody was previously validated on human tissues known to express GGH, such as liver,
kidney, and breast cancer tissues.

All immunostained slides were independently reviewed by two experienced pathologists, blinded to clinical
data, to minimize observer bias. Discrepancies in scoring were resolved by consensus.

2.1. Immunohistochemistry (IHC)

Tissue imaging using immunohistochemical (IHC) staining is the most common approach to characterize the
expression of a specific protein in tissues [11]. IHC staining for GGH was performed on 2-pm tissue sections
prepared from formalin-fixed, paraffin-embedded tissue blocks. The slides were deparaffinized in xylene baths,
rehydrated in acetone baths, and then incubated in a boiling antigen retrieval solution (Citrate Buffer, (10x, pH
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6.0) for 40 min. Cooling was done at room temperature for 20 min, followed by rinsing with a washing solution
(Phosphate-Buffered Saline, PBS, Ref. SLCB9214; Sigma-Aldrich, Saint Louis, MO, USA). The primary antibody
used was rabbit GGH antibody (anti-GGH C-terminal, 1:100, Sigma-Aldrich, Saint Louis, MO, USA), and the
secondary antibody was rabbit HRP (1:1000, Sigma-Aldrich, Saint Louis, MO, USA). Peroxidase activity was
revealed by applying the chromogen 3,3’-diaminobenzidine tetrahydrochloride (DAB) for 15 min, followed by
rinsing with water and counterstaining with hematoxylin. The slides were mounted with coverslips, and the
readings were performed separately by two pathologists.

Immunoreactivity was defined as negative when no staining was observed. Cytoplasmic staining in less than
10% of cells was also considered negative. Immunoreactivity was considered positive when observed in more than
10% of invasive tumor cells. Cytoplasmic staining was classified as positive or negative for subsequent statistical
analyses. Therefore, GGH overexpression was defined as positive cytoplasmic staining in more than 10% of
invasive tumor cells. The H-score was calculated to provide a semi-quantitative assessment of staining intensity
and distribution and was used for descriptive purposes only.

Immunostained slides were evaluated for cytoplasmic staining by intensity (1 = weak, 2 = moderate, 3 =
strong) and percentage of invasive tumor cells stained for each intensity. The H-score was calculated as follows:
(1 x percentage of weak staining) + (2 x percentage of moderate staining) + (3 x percentage of strong staining),
yielding a score ranging from 0 to 300 [12].

GGH expression was evaluated by immunohistochemistry on formalin-fixed, paraffin-embedded tissue sections.
For statistical analysis, GGH positivity was defined as cytoplasmic staining in more than 10% of invasive tumor
cells. The H-score (range 0-300) was calculated to provide a semi-quantitative assessment of staining intensity
and distribution [13], listed as follows:

- Luminal A: ER+, PR+/—, HER2—, Ki67 <20%

- Luminal B: ER+, PR+/—, HER2—, Ki67 = 20% or ER+, PR+/—, HER2+, regardless of Ki67 status

- Triple-negative breast cancer (TNBC): ER—, PR—, HER2—

- HER2 subtype: ER—, PR—, HER2+

2.2. Statistical Analyses

All variables were summarized using descriptive statistics. Qualitative variables are presented in terms of
proportions. Initially, a descriptive analysis was conducted regarding: epidemiological characteristics, lesion
location, histological type, SBR grade, TNM classification, and lymph node infiltration. The second step involved
a univariate analysis to determine the correlation between the expression of GGH protein and various
clinicopathological parameters using the standard chi-square test and Fisher’s exact test. Statistical significance
was determined with p < 0.05

Survival data were retrospectively collected from patient medical records. Overall survival (OS) was defined
as the time from diagnosis to death from any cause or last follow-up. Kaplan—Meier survival curves were generated
and compared using the Log-rank test. Patients who were alive at the last follow-up were censored.

3. Results

Evaluation of the Immunohistochemical Status of the GGH Protein in Breast Cancer For this study, primary
invasive breast cancers were included in the cohort, with 60 cases providing detailed clinical and pathological
information, as summarized in Table 1.

Missing values were mainly due to unavailable information after review of the pathological reports. The
mean age was 55 years (range 25-89), and the median age was 59 years.

Molecular classification of breast cancer was determined by IHC staining in 60 invasive cancers with
complete data. Of these, 11 (18.33%) were Luminal A, 36 (60%) were Luminal B, 6 (10%) were HER2-positive,
and 7 (11.66%) were Triple-negative, as shown in Figure 1.

Different levels of GGH (Gamma-glutamyl hydrolase) cytoplasmic staining in invasive carcinomas are
shown in Figure 2.

In our cohort of 60 invasive breast carcinomas, GGH overexpression was observed in 61.66% of cases (n =37),
as shown in Figure 3 and detailed in Table 2. A detailed analysis of the clinicopathological data revealed several
important associations. GGH expression was significantly correlated with estrogen receptor (ER) positivity, with
89.18% of GGH-positive tumors expressing ER, compared to 60.86% of GGH-negative tumors (p = 0.011),
indicating a strong link between hormonal sensitivity and GGH overexpression.

A particularly notable finding was the strong association between GGH expression and tumor proliferation.
Among GGH-positive tumors, 94.59% exhibited a high Ki-67 index (=20%), in contrast to only 43.47% of
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GGH-negative tumors (p < 0.001). This suggests that GGH overexpression is linked to increased cellular
proliferation and a more aggressive tumor phenotype.

Table 1. Clinicopathological characteristics of patients with invasive breast carcinoma.

Histoclinical Characteristics Number of Cases (%)
Ace <50 20 (33.33)
g >50 40 (66.66)
L Left 29 (48.33)
Breast localization Right 31 (51.66)
IC-NST 53 (88.33)
Histological types ILC 6 (10)
Other 1 (1.66)
<2 cm 19 (31.66)
Tumor size [2-5] cm 34 (56.66)
>5cm 7 (11.66)
. . Negative 24 (40)
Pathological axillary lymph node Positive 36 (60)
I 3(5
SBR grade II 54 (90)
111 305
Estrogen receptor status I;Z‘Ei?\:,: E g;gg;
Progesterone receptor status szi?\:,: ‘13 Eéégg;
Negative 42 (70)
HER?2 receptor status Positive 18 (30)
. <20% 15 (25)
Ki67 >20% 45 (75)
Luminal A 11 (18.33)
. . Luminal B 36 (60)
Molecular classification HER 2 like 6 (10)
Triple negative 7 (11.66)

Table 2. Association of GGH expression and clinicopathological features of our patients.

Clinical Features GGH™ 23 Number (%) GGH" 37 Number (%) p Value
<50 years old 5(21.73) 15 (40.54)
Age >50 years old 18 (78.26) 22 (59.45) 0.133
. Left 13 (56.52) 16 (43.24)
Breast localization Right 10 (43.47) 21 (56.76) 0.317
IC-NST 21(91.30) 32 (86.48)
Histological type ILC 2 (8.69) 4 (10.81) 0.697
OTHER TYPE 0 1 (2.70)
<2 cm 5(21.73) 14 (37.83)
Tumor size [2-5] ecm 13 (56.52) 21 (56.75) 0.111
>5cm 5(21.73) 2 (541
Pathological axillary Negative 12 (52.17) 12 (32.43) 0.129
lymph node Positive 11 (47.82) 25 (67.57) )
I 2 (8.69) 1(2.70)
SBR grade I 20 (86.95) 34 (91.89) 0.580
111 1(4.34) 2 (5.40)
Negative 9(39.13 4(10.81
Estrogen receptor status Po%i tive 1 4(( 60.8 6)) 33((89.1 8)) 0.011
Progesterone receptor status I;zfigg: 1(3) gzgg 298((274 5-3627)) 0.121
Negative 14 (60.86) 28 (75.67)
HER?2 receptor status Positive 9.(39.13) 9 (24.32) 0.224
. <20% 13 (56.52) 2 (5.40)
Ki 67 >20% 10 (43.47) 35(94.59) <0.001
Luminal A 9 (39.13) 2 (5.40)
. . Luminal B 5(21.73) 31 (83.78)
Molecular classification HER 2 like 4(1739) 2 (5.40) <0.001
Triple negative 5(21.73) 2 (5.40)
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Figure 1. Distribution of molecular subtypes in our cohort of 60 invasive breast carcinomas.

Figure 2. Cytoplasmic immunohistochemical staining of GGH in invasive breast carcinomas: (a) strong staining;
(b) moderate staining; (¢) moderate to weak staining; (d) weak staining.
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Figure 3. Distribution of GGH immunostaining according to H-score thresholds used to define positivity
and overexpression.
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No significant association was observed between GGH expression and tumor size (p > 0.05). Regarding
lymph node involvement, 67.57% of GGH-positive tumors showed axillary lymph node infiltration, compared to
47.82% of GGH-negative tumors. While this difference was not statistically significant (p = 0.129), it suggests a
potential pattern worth further investigation in larger cohorts. No significant associations were found between
GGH expression and SBR grade or tumor laterality.

When examining molecular subtypes, GGH expression displayed a particularly strong association with the
Luminal B subtype. Of all GGH-positive tumors, 83.78% belonged to this category, compared to only 21.73%
among GGH-negative tumors (p < 0.001). Conversely, Luminal A (39.13%) and Triple Negative (21.73%)
subtypes were more frequently represented in GGH-negative tumors, suggesting that GGH overexpression is
characteristic of more aggressive, highly proliferative tumors, particularly within the Luminal B group.

As shown in Figure 4, a Kaplan—Meier survival analysis was performed to evaluate overall survival (OS)
according to GGH expression. The Log-rank test showed a statistically significant difference between the two
groups (p = 0.009), indicating that patients with GGH overexpression had reduced overall survival. These results
suggest that GGH overexpression may be associated with poorer clinical outcomes.

Survival curves
GGH expression
T
l Lack of expression
—IToverexpression
i i . Lack of exp{essmﬂ-cen%r(&d
08 J’ = overexpression-censored
| 18 S N T
Lot
06
Survival
probabilities
04
Chi square ddl Sig. ‘
02 Log Rank (Mantel-Cox) €.783 1 009 -
Breslow (Generalized 2504 1 14 ’
Wilcoxon)
Tarone-Ware 3946 1 047
00
0 10 20 30 40 50 60

Figure 4. Kaplan—Meier curves of overall survival (OS) in breast cancer patients according to GGH expression status.

4. Discussion

This study highlights several key epidemiological and biological features of breast cancer within the Algerian
female population. The mean age at diagnosis was 55 years, with most cases occurring in women aged between
50 and 59 years. This trend is consistent with international epidemiological data showing that breast cancer
incidence increases with age, particularly after menopause, suggesting a potential role of hormonal changes in
tumor development [14]. A high proportion of tumors were large at diagnosis (>2 cm in 68.33% of cases),
suggesting delayed diagnosis, likely related to limited access to organized screening programs and late
presentation. Histologically, SBR grade II tumors were most frequent (90%), indicating moderately differentiated
tumors with intermediate aggressiveness. However, the presence of 5% grade III tumors indicates a smaller subset
of poorly differentiated and more aggressive lesions.

Lymph node dissection revealed a high rate of nodal involvement, further supporting the hypothesis of late-
stage presentation. As described in the literature, lymph node status remains one of the most critical prognostic
indicators, with a direct impact on recurrence risk and survival [15]. Our findings of frequent nodal infiltration
underscore the urgency of implementing more robust screening and early intervention strategies.

Molecular profiling revealed that GGH (gamma-glutamyl hydrolase) was overexpressed in a significant
number of cases. Notably, overexpression was more commonly observed in ER/PR-positive tumors and HER2-
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negative subtypes, with a strong correlation with high Ki-67 proliferation index, indicating enhanced tumor cell
proliferation. These observations are consistent with the growing recognition of breast cancer as a heterogeneous
disease driven by multiple molecular alterations that shape its phenotype and clinical behavior [16,17].

The role of GGH in cancer has been increasingly explored. Physiologically, GGH contributes to folate and
antifolate metabolism, maintaining intracellular folate homeostasis. Its dysregulation has been documented in a
variety of cancers, including urothelial bladder carcinoma [18], pulmonary neuroendocrine tumors [19], and
hepatocellular carcinoma, where elevated GGH levels were associated with poor clinical outcomes.

Our results echo previous studies showing that GGH expression is significantly elevated in malignant breast
tissue compared to adjacent non-cancerous tissue [20], and that this overexpression may represent a key event in
breast carcinogenesis [21].

No statistically significant association was observed between GGH expression and histological type (p =
0.697), although a higher frequency of expression was noted in invasive carcinoma of no special type (IC-NST).
Additionally, GGH overexpression was more frequently observed in high-grade tumors. These findings are
consistent with those reported by Shubbar et al. [22], who also observed increased GGH levels in aggressive tumor
phenotypes.

From a molecular standpoint, GGH overexpression was most significantly associated with the luminal B
subtype, followed by triple-negative and luminal A subtypes. This distribution is important, as luminal B tumors
are known for their aggressive behavior and poorer prognosis compared to luminal A, despite hormone receptor
positivity. Interestingly, our results indicate that tumors overexpressing GGH are more proliferative and potentially
more aggressive. This observation reinforces the idea that GGH could serve not only as a biomarker for aggressive
disease but also as a potential therapeutic target, particularly in luminal B tumors, where treatment options remain
limited [23].

These findings carry several clinical implications. First, GGH may serve as a useful prognostic biomarker,
identifying patients at risk for more aggressive disease and poor outcomes. Second, its expression could aid in
refining molecular classification and informing treatment decisions, especially in distinguishing between luminal
A and B subtypes. Finally, targeting GGH may open new therapeutic avenues, particularly for patients with high-
proliferation, hormone receptor-positive tumors.

Despite these promising results, several limitations must be acknowledged. The study sample was relatively
small (n = 60) and drawn from a single institution, which may limit generalizability. Additionally, while
immunohistochemistry provided reliable expression data, functional studies are necessary to validate the biological
role of GGH in tumor progression. Finally, further research involving larger, multi-center cohorts and diverse
populations is needed to confirm the clinical utility of GGH as a biomarker or therapeutic target in breast cancer.

The observed association between GGH overexpression and aggressive breast tumor characteristics—such
as high proliferation index (Ki67), Luminal B subtype predominance, and ER positivity—may be explained by
several biochemical and signaling mechanisms.

GGH is a key enzyme in folate homeostasis, catalyzing the hydrolysis of polyglutamated folates into
monoglutamate forms that can exit the cell or be used in nucleotide biosynthesis. Cancer cells have a high demand
for nucleotides to support rapid proliferation. By modulating intracellular folate pools, GGH facilitates increased
thymidine and purine synthesis, essential for DNA replication and repair [24,25].

GGH has been implicated in resistance to antifolate chemotherapy agents, such as methotrexate and
pemetrexed. By deconjugating polyglutamated antifolates, GGH reduces their retention and efficacy within tumor
cells [26,27].

GGH activity increases the extracellular concentration of glutamate, a byproduct of polyglutamate
hydrolysis. High levels of extracellular glutamate can activate glutamate receptors on cancer cells, triggering
MAPK/ERK and PI3K/Akt signaling pathways [28].

There is evidence that GGH expression may be regulated by epigenetic modifications in breast cancer,
particularly in ER-positive tumors [28,29].

Through its role in folate metabolism, GGH may also influence redox balance and one-carbon metabolism,
processes crucial for rapidly dividing cancer cells [29].

Several published studies support the findings of our analysis, showing that GGH overexpression is
associated with reduced overall survival in various cancer types.

In endometrial cancer, GGH was associated with poor prognosis [30]. In gastric cancer, high GGH expression
was an independent prognostic factor [31]. In prostate cancer, GGH was associated with more aggressive tumor
features in ERG-negative patients [32].
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Taken together, these mechanisms suggest that GGH overexpression not only marks aggressive biological
behavior but may actively contribute to it. The strong correlation with Luminal B subtype supports its potential
role in therapy resistance and tumor progression.

Our findings position GGH as a potential biomarker for aggressiveness in breast cancer, especially in Luminal
B tumors, which are known for their poorer prognosis and lower sensitivity to endocrine therapy compared to
Luminal A. If validated in larger cohorts, GGH could serve as a stratification marker to guide more personalized
therapeutic decisions. It may also offer a target for novel therapies aimed at disrupting folate metabolism or
glutamate signaling in aggressive subtypes.

5. Conclusions

In conclusion, this study focused on the potential involvement of the GGH protein in breast cancer. We
demonstrated, for the first time, that GGH expression is significantly elevated in the luminal B subtype of breast
cancer. Furthermore, we showed that GGH overexpression is associated with aggressive clinicopathological features.

These findings suggest an association between GGH overexpression and primary invasive tumors, as well as
highly proliferative and aggressive tumor characteristics.

These findings suggest that GGH may serve as both a prognostic biomarker and a promising therapeutic
target for luminal B breast cancer. To enhance the clinical relevance of these results, future studies should
emphasize the functional validation of GGH through in vitro and in vivo models. Such investigations are essential
to determine whether GGH plays a causal role in tumor progression and to evaluate its potential for therapeutic targeting.
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