Tumor Biology 46 (2024) 1-11 1
DOI:10.3233/TUB-230038
10S Press

Role of MEK1 and DIAPH3 expression in
colorectal adenoma-carcinoma sequence

Abd AlRahman Mohammad Foda®®, Amira Kamal El-Hawary®¢, Khaled Elnaghi®-,
Wesal M. Eldehna’¢ and Eman T. Enan®*

aDepartment of Anatomic Pathology, Faculty of Medicine, Mansoura University, Mansoura, Egypt
Department of Pathology, General Medicine Practice Program, Batterjee Medical College, Jeddah,
Saudi Arabia

¢Pathology Department, Horus Faculty of Medicine, Horus University, New Damietta, Egypt
dMedical Oncology Unit, Internal Medicine Faculty of Medicine, Oncology Centre, Mansoura, Egypt
®Medical Oncology Department, Oncology Center King Abdullah Medical City, Makkah, Saudi Arabia
Y Department of Clinical Oncology and Nuclear Medicine, Faculty of Medicine, Mansoura University,
Mansoura, Egypt

€Department of Oncology, International Medical Center, Jeddah, Saudi Arabia

Received 9 October 2023
Accepted 2 April 2024
Published 7 May 2024

Abstract.

BACKGROUND: It is well established that most colorectal carcinomas arise from conventional adenomas through the
adenoma-carcinoma sequence (ACS) model. mitogen-activated protein kinases (MAPKs) pathway has been reported as a
crucial player in tumorigenesis. The MAPK signaling pathway is activated by different extracellular signals involving the
“mitogen-activated/extracellular signal-regulated kinase 1 (MEK1)”, and this induces the expression of genes involved in
proliferation and cellular transformation. Diaphanous-related formin-3 (DIAPH3) acts as a potential metastasis regulator
through inhibiting the cellular transition to amoeboid behavior in different cancer types.

OBJECTIVE: The aim of the study was to investigate the pattern of immunohistochemical expression of MEK1 and DIAPH3
in colorectal adenoma (CRA) and corresponding colorectal carcinoma (CRC) specimens.

METHODS: The immunohistochemical expression of DIAPH3 and MEK1 was examined in 43 cases of CRC and their
associated adenomas using tissue microarray technique.

RESULTS: MEK]1 was overexpressed in 23 CRC cases (53.5%) and in 20 CRA cases (46.5%). DIAPH3 was overexpressed
in 11 CRA cases (about 29%) which were significantly lower than CRC (22 cases; 58%) (P=0.011). Both MEK1 and
DIAPH3 overexpression were significantly correlated in CRC (P =0.009) and CRA cases (P =0.002). Tumors with MEK1
overexpression had a significantly higher tumor grade (P =0.050) and perineural invasion (P =0.017).

CONCLUSIONS: Both MEK1 and DIAPH3 are overexpressed across colorectal ACS with strong correlation between
them. This co- expression suggests a possible synergistic effect of MEK1 and DIAPH-3 in colorectal ACS. Further large-
scale studies are required to investigate the potential functional aspects of MEK1 and DIAPH3 in ACS and their involvement
in tumor initiation and the metastatic process.
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1. Introduction

Conventional adenoma are well established precursor of colorectal carcinomas as detailed in the
widely accepted model of the adenoma-carcinoma sequence (ACS), which represents the major
pathway in colorectal carcinogenesis [1]. Adenomas exhibit a gradual accumulation of genetic and
epigenetic alterations which is the leading cause of tumor development. These alterations, either single
or combined, result in the development of tumors with varying clinicopathological characteristics [2].

The mitogen-activated protein kinases (MAPKSs) pathway has been reported as a well-established
player in tumorigenesis. MAPKSs controls key signal transduction mechanisms that regulate cellular
growth, differentiation and apoptosis, it also play a central role in the initiation and progression of
cancers [3]. The MAPKSs family’s first member, “Extracellular signal-regulated protein kinase (ERK)”,
is activated by MAPK/ERK kinase (MEK). MEK1 and MEK2 possess a significant role in cancer
pathogenesis as promoting mutations in the cDNAs encoding MEK1 and MEK2 can induce cell
transformation and contribute to carcinogenesis [4].

Diaphanous-related formin-3 (DIAPH3) has an important function in nucleation, elongation and
bundling of linear actin filaments and regulates microtubule stability through direct interaction with
microtubules [5, 6]. Thus, DIAPH3 could act as regulator of metastasis through inhibiting the cells
from gaining the amoeboid behavior in different types of cancers. DIAPH3 silencing resulted in
destabilized microtubules and prompted endosomal accumulation of epidermal growth factor receptor
(EGFR), and hyper-activation of EGFR/MEK/ERK signaling human carcinoma cells. DIAPH3 silenc-
ing promotes cell proliferation, migration, colony formation, epithelial-mesenchymal transition, and
metastasis through activation of beta-catenin/TCF pathway [7]. It has also been reported that DIAPH3
deficiency enhances cellular motility, invasion which are important pillars in the metastatic cascade,
and in human cancers, decreased DIAPH3 expression significantly correlates with aggressive behavior
and metastatic events [8]. Aberrant activations of RAS-ERK and Wnt/B-catenin pathways are common
occurrences in a variety of human malignancies including CRC [9]. Therefore, we hypothesized that
MEKI1 and DIAPH3 expressions may have a significant interplay at the process of colorectal carcino-
genesis. A correlated overexpression of DIAPH3 and MEK1 was previously observed in colorectal
carcinoma [6]. So far as we know, the involvement of MEK1 and DIAPH3 in adenoma-carcinoma
sequence has not been studied yet. In the current study, we aimed to investigate the pattern of immuno-
histochemical expression of MEK1 and DIAPH3 in colorectal adenomas (CRAs) and corresponding
CRCs arising on top of these adenomas using tissue microarray technique through correlating the
expression of those proteins with the clinicopathological parameters of the studied cases.

2. Materials and methods
2.1. Samples

Colorectal carcinoma cases arising on a background of adenomas were searched for at the records
of surgical pathology laboratory at Gastroenterology Center, Mansoura University, Egypt. Forty-three

cases were found in the period from January 2007 to January 2012. The Patients included in the study
had no history of neoadjuvant therapy whether radiotherapy or chemotherapy.

2.2. Clinical data and histopathological evaluation

Clinicopathological data (including the H&E stained slides) were reviewed. This includes: gender,
age, size, site, shape, histological type, depth of invasion (T), grade, pushing or infiltrating tumor edges,
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perineural and lymphovascular invasion, intra- and peri- tumoral lymphocytic infiltration, nearby and
distant mucosa, neutrophilic infiltrate extent, metastases in lymph nodes (N), distant metastasis (M),
TNM staging as per the latest WHO classification of CRC [10], state of surgical cut margins, related
schistosomiasis or any additional abnormalities. The pathological findings of the associated adenomas
were also reported especially degree of dysplasia, associated inflammatory cell infiltrate and associated
familial polyposis coli.

2.3. Tissue microarray construction

H&E-stained sections were reviewed to select representative areas for tissue microarray (TMA)
construction. High density manual tissue microarray blocks were created using a previously described
modified mechanical pencil tip technique [11]. For each case, three 0.8 mm diameter cores were cut-out
from representative areas of the paraffin blocks. Routine 4 pm H&E sections were prepared from the
TMA blocks. Sections for immunohistochemistry were prepared using positive charged slides.

2.4. Immunohistochemistry

5 wm sections were cut and mounted on super frost plus slides. Sections were immunostained with
0.1 ml of anti- DIAPH3 Antibody (Novus Biologicals cat # NBP1-89099) and anti- MEK1 [p Ser221]
Antibody (Novus Biologicals cat # NBP1-41823). The Power-Stain™ 1.0 Poly HRP DAB Kit for
Mouse + Rabbit (Genemed Biotechnologies, inc, cat#52-0017) detection kit was used. Inmunostaining
was done according to the manufactures’ protocol. Slides were incubated at 57°C for 10 minutes in an
oven followed by a dewaxing step through immersing the slides in warm xylene for 10 minutes and
afterwards they were immersed for additional 10 minutes in room temperature xylene. After the last
step a rehydration step was performed, slides were immersed in declining concentrations of alcohol
followed by tap water. Antigen retrieval step was performed through immersion of slides in Citrate
buffer pH6 in a standard microwave (Power 800 W) for 20 minutes till the point of boiling. After
that, the slides were rinsed two times 10 minutes each by PBS-T (phosphate buffered saline+ 5%
Triton-X100). To block endogenous peroxidase activity, a few droplets of alcohol based hydrogen
peroxidase were added on the slides for 20 minutes in a humidity chamber, followed by 3 washes by
PBS-T, 3 minutes each wash. MEK1 antibody concentration of 1:200 was used, and 1:100 for DIAPH3
(concertation of an antibody was chosen after optimization). The slides were incubated in a humidity
chamber at room temperature with the diluted antibodies for an hour. Slides were then washed 3 times
by PBS-T, 3 minutes each wash. The secondary antibody was applied and incubated with the slides
for 30 minutes, then washed three times by PBS-T times, 3 minutes per wash. DAB-chromogen was
added for 3-5 minutes, which was followed by counterstaining using Mayer’s hematoxylin.

2.5. Immunohistochemical analysis

H-score from 0 to 300 was used to give a score for each core. H-score is achieved by multiplying
the value of the intensity of cytoplasmic staining (0 =negative; 1 =weak; 2 =moderate; 3 =strong)
by the proportion of positive cells (0 to 100%). The mean value was calculated for every case. An
arbitrary cut-off point was chosen, that is the median value of H-scores for MEK 1 and DIAPH3. Tumors
were classified as either “Negative/low expression”; negative/less than the median value, and “high
expression”; equal to/greater than the median value. During the procedure of slide preparation and
staining, occasional cores were lost which may lead to minor variability in number of cases analyzed
at each statistical test.
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2.6. Statistical analysis

Data analysis was done using SPSS for Windows version 20.0 (SPSS Inc, IBM, Chicago, Illinois).
Chi-square test (x2) was utilized to assess differences in the categorical variables among various
groups. In any of the tests used, a 2-tailed p value of < 0.05 was considered significant.

2.7. Ethical approval

The study was approved by the members of the Medical Research Ethics Committee, Institutional
Review Board (IRB), Faculty of Medicine, Mansura University, Mansura, Egypt, with Code No.:
R.22.12.1991.

3. Results
3.1. Clinicopathological features of CRC and CRA cases

43 cases of CRC and their associating adenomas were evaluated. Patients’ age range was 27 to 80
years (mean, 56.22 years). Tissues from 29 males and 14 females were included in the study. 27 cases
(62.8%) were of non-mucinous adenocarcinoma (NMA) and 16 cases of mucinous adenocarcinoma
type (MA). The clinicopathological characteristics the cases are listed in Table 1.

3.2. MEKI expression in CRC and CRA

The median value of MEK expression in CRA and CRC cases that was used to divide cases into
negative/low expression and high expression groups was 188 in this study. Cytoplasmic MEK1 was
overexpressed in 23 CRC cases out of the 43 analyzed cases (about 53.5% of the cases) (17 cases
“63%” of NMA and 6 cases “37.5%” of MA), which was not statistically significant (P =0.106).
MEKI1 was overexpressed in 20 CRA cases (46.5%) which was also not significantly different from
CRC (P=0.518, 0.780, 0.446 for all cases, NMA cases and MA cases respectively) (Table 2) (Fig. 1a
and b).

Table 1
Clinicopathological features of 43 patients with colorectal adenomas

Variable No. of patients (%)
Association with FAP*

- Negative 37 (86.0)

- Positive 6 (14.0)
Degree of dysplasia of adenoma

- Mild to moderate (low grade) 20 (46.5)

- Severe (high grade) 23 (53.5)
Chronic inflammatory cell infiltrate of adenoma

- No/mild 23 (53.5)

- moderate/marked 20 (46.5)

*FAP = familial adenomatous polyposis syndrome.
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Table 2
MEKI1 expression in CRC cases and corresponding adenomas

MEKI1 expression Chi-square P value
Negative/Low High
- All carcinomas (n. =43) 20 (46.5%) 23 (53.5%) 0.419 0.518
- All adenomas 23 (53.5%) 20 (46.5%)
- Non-mucinous carcinomas (n.=27) 10 (37.0%) 17 (63.0%) 0.078 0.780
- Corresponding adenomas 11 (40.7%) 16 (59.3%)
- Mucinous carcinomas (n. = 16) 10 (62.5%) 6 (37.5%) 0.582 0.446
- Corresponding adenomas 12 (75.0%) 4 (25.0%)

Fig. 1. MEKI and DIAPH3 expression in colorectal carcinoma and adenoma. (A) Marked MEK1 cytoplasmic staining
in a case of grade II CRC (B) Moderate MEK1 cytoplasmic staining in moderately dysplastic epithelium of adenoma. (C)
Moderate DIAPH3 cytoplasmic staining in in a case of grade I CRC. (D) Negative DIAPH3 staining in moderately dysplastic
adenoma. (x 200).

3.3. DIAPH3 expression in CRC and CRA

The tissue cores of 5 cases of CRA were lost during IHC, so the corresponding CRC cases was
discarded from the analyses, and so 38 cases were included in various DIAPH3 expression analyses.
The median value of DIAPH3 expression in CRA and CRC cases that was used to divide cases into
negative/low expression and high expression groups was 100 in this study. Cytoplasmic DIAPH3 was
overexpressed in 22 CRC cases out of the 38 analyzed cases (about 58% of the cases) (16 cases
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Table 3

DIAPH3 expression in CRC cases and corresponding adenomas

DIAPH3 expression Chi-square P value
Negative/Low High

- All carcinomas (n. =38) 16 (42.1%) 22 (57.9%) 6.481 0.011*
- All adenomas 27 (71.1%) 11 (28.9%)
- Non-mucinous carcinomas (n. =25) 9 (36.0%) 16 (64.0%) 5.128 0.024%*
- Corresponding adenomas 17 (68.0%) 8 (32.0%)
- Mucinous carcinomas (n. = 13) 7 (53.8%) 6 (46.2%) 1.529 0.216
- Corresponding adenomas 10 (76.9%) 3(23.1%)

*P <0.05 is significant.

Table 4
Interrelation between MEK1 and DIAPH3 expressions in CRC and CRA

MEKI1 expression Chi-square P value
Negative/Low High

CRC cases (N=38) DIAPH3 expression

-Negative/low 12 (63.2%) 4 (21.1%)

-High 7 (36.8%) 15 (78.9%) 6.909 0.009*
CRA cases (N=38) DIAPH3 expression

-Negative/low 20 (90.9%) 7 (43.8%)

-High 2 (9.1%) 9 (56.2%) 10.016 0.002*

*P <0.05 is significant.

“64%” of NMA and 6 cases “46.2%” of MA), which was not statistically significant (P =0.280).
DIAPH3 was overexpressed in 11 CRA cases (about 29%) which was significantly lower than CRC,
especially NMA (P=0.011 and 0.024 respectively). For MA cases, DIAPH expression didn’t show
any statistically significant difference between CRC and CRA (P =0.216) (Table 3) (Fig. 1 c and d).

3.4. Interrelation between MEKI and DIAPH3 expression in CRA and CRC

In CRC, about 80% of the cases that showed MEK1 overexpression showed also concomitant
DIAPH3 high expression. MEK1 and DIAPH3 over-expressions were significantly interrelated in
CRC (P =0.009). Likewise, in CRA, about 90% of cases with negative/low MEK1 expression revealed
concurrent negative/low expression of DIAPH3, while about 56% of the cases showed concomitant
MEKI1 and DIAPH3 overexpression, this was also statistically significant (P =0.002) (Table 4).

3.5. Expression of MEK1 and DIAPH3 in relation to clinicopathological parameters in CRC cases

In CRC cases, 80% of grade I cases showed negative/low MEKI1 expression, while 71% of grade
II cases and 41% of grade III cases showed MEK1 overexpression. MEK1 overexpression was sig-
nificantly associated with higher tumor grade (P =0.050). About 90% of CRC cases with perineural
invasion revealed overexpression of MEK1, which was statistically significant (P=0.017). On the
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Table 5
Characteristics of MEK1 expression in 43 cases of CRAs

MEKI expression Chi-square P value
Negative/Low High xX*
Degree of dysplasia
- Mild to moderate 15 (65.2%) 5 (25.0%)
- Severe 8 (34.8%) 15 (75.0%) 6.955 0.008*
Chronic inflammatory cell infiltrate
- No/mild 11 (47.8%) 12 (60.0%)
- moderate/marked 12 (52.2%) 8 (40.0%) 0.637 0.425
Association with FAP
- Negative 19 (82.6%) 17 (89.5%)
- Positive 4 (17.4%) 2 (10.5%) 0.400 0.527

*P value < 0.05 is significant; FAP = familial adenomatous polyposis syndrome.

Table 6
Characteristics of DIAPH3 expression in 38 cases of CRAs

DIAPH3 expression Chi-square P value

Negative/Low High x?
Degree of dysplasia
- Mild to moderate 14 (51.9%) 5 (45.5%)
- Severe 13 (48.1%) 6 (54.5%) 0.128 0.721
Chronic inflammatory cell infiltrate
- No/mild 14 (51.9%) 5 (45.5%)
- moderate/marked 13 (48.1%) 6 (54.5%) 0.128 0.721
Association with FAP
- Negative 24 (88.9%) 8 (72.7%)
- Positive 3(11.1%) 3 (27.3%) 1.535 0.215

FAP =familial adenomatous polypsis syndrome.

contrary, DIAPH3 overexpression was not significantly related to any of the tested clinicopathological
and histological findings in CRC (data not shown).

3.6. Expression of MEK1 and DIAPH3 in relation to clinicopathological parameters in CRA cases
In CRA cases, the only significant relation between studied clinicopathological and histological
parameters and MEK1 and DIAPH3 expressions was between MEK1 overexpression and the degree of

dysplasia. Seventy-five percent of adenomas with high grade dysplasia showed MEK1 overexpression
(P=0.008) (Tables 5& 6).

4. Discussion

The intracellular protein kinase MAPK signaling pathway can be activated by extracellular signals
through MEK1 which induces upregulated expression of genes controlling proliferation as well as
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cellular transformation [12]. Bai and colleagues [13] reported a significantly increased expression of
MEKI in primary colorectal cancer compared to normal mucosa, suggesting that the MAPK activation
is potential player in colorectal carcinogenesis. Although MEK1 expression in colorectal carcinoma
has been studied before, this is the first study to analyze its expression in samples that represent
the adenoma-carcinoma sequence in CRC carcinogenesis. In the current study, MEK1 was found to
be expressed in nearly half of the cases of CRA and CRC which supports this suggestion. This up-
regulation of MEK1 in the colon adenoma-carcinoma sequence suggests that MEK 1 may be associated
with early disease progression in colorectal cancer.

In the present study, MEK1 overexpression showed a significant association with higher tumor
grade and with perineural invasion in CRC cases. Notably, in CRA cases MEK1 overexpression was
significantly associated with higher degree of dysplasia. The expression of MEK1 in dysplastic and
malignant cells through the ACS indicates a possible role in early tumor progression and/or tumor cells
survival. Similarly, Bai and colleagues [13] demonstrated a significantly higher positivity of MEK1
in poorly differentiated colorectal adenocarcinoma and in mucinous adenocarcinoma compared to
adenocarcinoma of well or moderate differentiation, which supported that MEK1 expression was
linked to the degree of differentiation of malignant cells.

Activation of the EGFR induced by the small G-protein RAS, together with the protein kinase
RAF activates MAPK cascade [14]. Overexpression and activation of this receptor are commonly
detected in colorectal cancer [15]. MEKI1 can increase cell proliferation through EGF-EGFR-Ras-
MEK-MAPK cascade [16]. In concordance with our results of MEK1 expression in ACS, Williet and
colleagues [17] have also demonstrated that there is an increasing EGFR expression in the process
of colorectal carcinogenesis, from adenomas showing low grade dysplasia (10% overexpression), and
high grade dysplasia (77.8%), to carcinoma (100%). Similarly, another study [18] observed that EGFR
copy number progressively increases, from highly dysplastic adenomas to early invasive and locally
advanced adenocarcinomas, proposing that deregulation of EGFR may be implicated in tumor initiation
and also correlate with tumor progression. These findings denote that EGFRs have a fundamental
contribution in the transformation and progression of colorectal carcinoma and may suggest that
MAPK activation through EGFR and possibly MEK-1 may be associated with disease progression in
colonic cancer.

Furthermore, the activity of MEK1-ERK pathway can be influenced by some RNA-binding proteins
(RBPs) [19]. From those, insulin-like growth factor 2 mRNA-binding protein 3 (IMP3) was reported
amongst the most frequently dysregulated RBPs in CRC. Recently, it was reported that only IMP3
tends to increase from normal tissue to tumor tissue, and additionally increase from tumor tissue to
metastatic liver tissue [20]. Thus, these observations may suggest a potential therapeutic significance
for CRC treatment via inhibiting IMP3 in combination with the MEK1 inhibitors.

DIAPH3 has been found to inhibit the cellular transition to amoeboid tumor phenotypes [8]. As
amoeboid behavior allows cells to move across gaps in the fibrillary matrix, it is well established that
amoeboid cells have a greater tendency for dissemination and metastasis [21]. In the present study,
DIAPH3 was significantly overexpressed in colorectal carcinomas especially non-mucinous adeno-
carcinomas compared to adenomas. A possible mechanism is that that expression of DIAPH3 occurs
at a later stage potentially after MEK1 in colorectal adenoma-carcinoma sequence. In contrast, Lin
and colleagues [22] reported increased expression of DIAPH1, but not DIAPH3, in colonic carcinoma
cells. Recently, a study done by Huang and colleagues [23] concluded that DIAPH3 functions as a
tumor suppressor in CRC as DIAPH3 depletion is associated with tumor progression and worse prog-
nosis. Also, DIAPH3 increased expression was seen in prostate and breast cancer cells. Some previous
studies reported that DIAPH3 mRNA levels were raised in hepatocellular carcinoma (HCC) compared
to non-cancerous tissues [7]. On the other hand, other studies reported that DIAPH3 protein levels did
not show significant change in benign tumors and organ-confined carcinoma whereas they noticed a
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substantial decrease in the levels of DIAPH3 protein in metastatic lesions compared to normal tissue
and organ-confined tumors [8].

DIAPH3 enhances the proliferation, migration, colony formation, epithelial-mesenchymal transi-
tion, and metastatic potential of tumor cells via activation of beta-catenin/TCF signaling [7]. Many
human cancers; including CRC, harbor aberrant mutations of the RAS-ERK and Wnt/p-catenin path-
ways. Concurrent aberrant mutations of these pathways result in colorectal tumorigenesis enhancement
from the initiation till metastasis [9]. In our study, a significant interrelation between expressions of
MEK-1 and DIAPH-3 in both CRA and CRC cases was observed suggestive of a potential syner-
gistic role of MEK1 and DIAPH-3 in ACS. Our results showed that MEK1 expression is involved
in early colorectal carcinogenesis, while DIAPH3 expression has a more delayed role. Such co-
expression of early and late ACS transition markers may be highly predictive of the progression
of adenoma-carcinoma sequence, and can be the basis for development of risk reduction or early
therapeutic intervention approaches. There are currently no studies that evaluated the functional
attributes of interplay of MEK-1 and DIAPH-3 expression in ACS, and so far as we know, this
study is the first to investigate these correlations. Therefore, we recommend further research to
elucidate the potential joint functional roles of MEK-1 and DIAPH-3 in the initiation and progres-
sion of CRC and additionally patients’ prognosis, usage of additional techniques of detection like
Western Blot analysis. .. etc. is highly recommended. Further studies are needed to reveal the rela-
tion of MEK-1 and DIAPH-3 expression to the consensus molecular subtypes (CMS) classification
of CRC.

5. Conclusions

In conclusion, both MEK1 and DIAPH3 are overexpressed across colorectal ACS with strong cor-
relation between them. This co-expression supports a possible synergistic function of MEK1 and
DIAPH-3 in colorectal ACS. More researches are required on a larger scale to investigate the potential
functional aspects of MEK1 and DIAPH3 in ACS and their involvement in tumorigenesis and the
metastatic process.
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