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Abstract: Background: Smad4, a critical tumor suppressor gene, plays a significant role in pancreatic biology
and tumorigenesis. Genetic background and sex are known to influence phenotypic outcomes, but their impact
on pancreatic weight in Smad4-deficient mice remains unclear. This study investigates the impact of Smad4
deficiency on pancreatic weight in F1 mice from diverse Collaborative Cross (CC) lines, focusing on the
influence of genetic background and sex. Methods: F1 mice were generated by crossbreeding female CC mice
with C57BL/6]J-Smad#™Mak males. Genotyping confirmed the presence of Smad4 knockout alleles. Mice were
housed under standard conditions, euthanized at 80 weeks, and their pancreatic weights were measured,
adjusted for body weight, and analyzed for effects of Smad4 deficiency, sex, and genetic background. Results:
The overall population of F1 mice showed a slight but non-significant increase in adjusted pancreatic weights
in heterozygous knockout mice compared to wild-type mice. Sex-specific analysis revealed no significant
difference in males but a significant increase in adjusted pancreatic weights in heterozygous knockout females.
Genetic background analysis showed that lines CC018 and CC025 substantially increased adjusted pancreatic
weights in heterozygous knockout mice. In contrast, other lines showed no significant difference or varied non-
significant changes. The interplay between genetic background and sex further influenced these outcomes.
Conclusion: Smad4 deficiency affects pancreatic weight in a manner significantly modulated by genetic
background and sex. This study highlights the necessity of considering these factors in genetic research and
therapeutic development, demonstrating the value of the Collaborative cross-mouse population in dissecting
complex genetic interactions.

Keywords: Smad4; pancreatic weight; genetic background; sex differences; Collaborative Cross; F1
mice; genetic modifiers; tumor suppressor gene

1. Introduction

Pancreatic weight measurement is crucial for understanding various aspects of pancreatic health
and disease progression. By quantifying pancreatic weight, researchers can assess changes in organ
size over time, track growth patterns, and evaluate the impact of interventions on pancreatic
morphology [1]. This information is particularly valuable in studies involving mouse models of
pancreatic diseases, as it allows for the precise monitoring of disease development and treatment
responses [1]. Additionally, measuring pancreatic weight can provide insights into the relationship
between pancreatic size and metabolic parameters, shedding light on the physiological implications
of pancreatic alterations [1]. Incorporating detailed pancreatic weight measurements in research
articles enhances the validity and reliability of study findings, ultimately advancing our
understanding of pancreatic biology and disease mechanisms [1].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Measuring pancreatic weights and calculating the pancreas wet weight-to-body weight ratio in
mouse models is crucial for assessing pancreatic health and function [2]. The pancreas plays a vital
role in digestion and glucose metabolism, and alterations in its weight can indicate underlying
pathologies such as inflammation or edema [2]. In a study by Nathan JD et al., electron micrographs
of the pancreas from transgenic and non-transgenic mice revealed prominent rough endoplasmic
reticulum and zymogen granules in caerulein-treated animals, indicating pancreatic stress [2].
Additionally, the study demonstrated that pancreatic extracts from PSTI-I transgenic mice exhibited
greater trypsin inhibitor capacity than those from non-transgenic mice, suggesting a protective role
of PSTI-I in reducing trypsin activity and potentially preventing pancreatitis development [2]. By
monitoring these parameters, researchers can gain valuable insights into the impact of genetic
modifications or therapeutic interventions on pancreatic health and disease progression in mouse
models [1,2].

Measuring pancreatic weight is crucial in understanding the development and function of the
pancreas. By assessing pancreatic growth through measurements of wet weight, enzyme, and protein
content, researchers can gain insights into the physiological changes in the pancreas [3]. These
measurements provide valuable information about pancreatic health, such as hypertrophy or
hyperplasia, and can help identify abnormalities or diseases affecting the pancreas. Understanding
pancreatic growth is essential for studying conditions like diabetes, pancreatitis, and pancreatic
cancer, as pancreatic weight and composition alterations can indicate underlying pathologies [3].
Therefore, the concept of measuring pancreatic weight plays a significant role in advancing our
knowledge of pancreatic biology and disease mechanisms [3].

Smad4, also known as DPC4, is a crucial tumor suppressor gene involved in various cancers
such as hepatocellular carcinoma, breast invasive ductal carcinoma, pancreatic cancer, colorectal
cancer, and prostate cancer [4-8]. Loss or reduced expression of Smad4 has been associated with
tumor progression, metastasis, and poor prognosis in different types of cancer [4,6,8]. Smad4
functions as a transcriptional mediator of the TGF- signaling pathway and forms complexes with
other Smad proteins to regulate gene transcription [5,7]. The location of Smad4 protein, its shuttling
between the nucleus and cytoplasm, and its regulation by various signaling pathways make it a
critical player in cancer development and progression [9]. Studies have shown that mutations or loss
of Smad4 expression are linked to advanced disease stages, lymph node metastasis, and worse
survival outcomes in cancer patients [8]. Understanding the role of Smad4 in cancer pathogenesis can
provide valuable insights for developing targeted therapies and prognostic markers in oncology
research.

The TGF-{3/Smad4 signaling pathway is highlighted as a crucial regulator of biological processes
such as epithelial-mesenchymal transition, DNA damage response, and microRNA regulation, with
Smad4 acting as a tumor suppressor [10]. The interplay between the TGF-f/Smad4 pathway and
other signaling cascades like MAP kinase, PI3K/Akt/mTOR, and WNT/B-catenin pathways in cancer
is explored, emphasizing the importance of understanding SMAD4-mediated tumor formation and
progression for the identification of potential therapeutic targets [10]. This review underscores the
significance of Smad4 alterations in various cancers, including pancreatic, colorectal, gastric, and skin
cancer, and the need for further research to elucidate its role in cancer progression and metastasis
[10].

The role of Smad4 in pancreatic cancer, emphasizing its significance in the context of the TGF-3
signaling pathway, was mentioned specifically mentioned [7]. Smad4 is a tumor suppressor in
pancreatic cancer, inhibiting epithelial cell proliferation [7]. The loss of Smad4 can lead to tumor-
promoting effects, highlighting the dual role of TGF-{ in this disease [7]. The study underscores the
importance of comprehending Smad4’s functions, structure, and regulation and its potential
prognostic value in pancreatic cancer [11]. The research suggests that Smad4 protein expression
profiles in pancreatic cancer cell lines can provide valuable insights into the molecular mechanisms
underlying the initiation, development, and progression of pancreatic cancer [11]. Furthermore,
investigations into Smad4 inactivation and its impact on the TGF- pathway could pave the way for
innovative therapeutic approaches targeting Smad4-deficient tumors, offering hope for improved
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outcomes in pancreatic cancer patients [11]. The study acknowledges the need for further research to
elucidate the mechanisms underlying Smad4’s involvement in pancreatic cancer progression and
explore novel therapeutic strategies that leverage this understanding [11].

Genetic background is critical in shaping phenotypic variation and responses to genetic
perturbations [12]. Understanding how genetic modifiers influence the phenotypic consequences of
gene mutations is essential for dissecting complex traits and elucidating underlying molecular
mechanisms [13]. In this study, we investigate the impact of genetic background on pancreatic
phenotypes in Smad4 knockout F1 mice derived from diverse Collaborative Cross (CC) lines. To
explore the role of genetic background in modulating pancreatic phenotypes associated with Smad4
deficiency, we employed a breeding strategy to generate F1 mice carrying both CC and Smad4
knockout alleles. Pancreatic weights and body weights were measured in F1 mice across multiple CC
lines, allowing us to assess the impact of genetic variation on pancreatic development and overall
growth in the context of Smad4 deletion.

The Collaborative Cross (CC) mouse population stands as a pioneering resource in the field of
genetics, offering a sophisticated platform for investigating the complex interplay between genetic
variation and phenotypic diversity [14]. Comprised of a diverse panel of recombinant inbred mouse
strains derived from eight genetically distinct founder strains, the CC population encapsulates a
broad spectrum of genetic diversity representative of natural mouse populations [15]. One of the
primary advantages of the CC mouse population lies in its ability to capture the full breadth of genetic
variation present in outbred mouse populations [12]. Unlike traditional laboratory mouse strains
characterized by limited genetic diversity and fixed allelic compositions, CC lines exhibit extensive
allelic diversity and genetic heterogeneity [16]. This genetic complexity mirrors the diversity found
in human populations and provides a rich substrate for dissecting the genetic architecture of complex
traits [17].

Moreover, the CC population facilitates the study of gene-gene interactions, or epistasis, which
play a fundamental role in shaping phenotypic outcomes [18]. By crossing and intercrossing CC lines,
researchers can systematically explore the combinatorial effects of allelic variants at multiple genetic
loci on phenotypic traits of interest [19]. This approach allows for the identification of genetic
modifiers—genes or genomic regions that modulate the phenotypic consequences of a primary
genetic perturbation—thereby elucidating the underlying molecular pathways and regulatory
networks governing trait variability [20].

In the context of pancreatic development and growth regulation, leveraging the genetic diversity
of CC lines offers a powerful means to dissect the complex genetic determinants of pancreatic
phenotypes. The pancreas is a multifunctional organ with crucial roles in metabolic homeostasis,
digestion, and hormone regulation. Dysregulation of pancreatic development and function underlies
various pathological conditions, including diabetes, pancreatic cancer, and exocrine insufficiency. By
employing the CC mouse population, we can systematically investigate how allelic variation across
different genetic backgrounds influences pancreatic morphology, function, and disease
susceptibility.

Our study aims to harness the genetic diversity inherent in the CC mouse population to pinpoint
genetic modifiers that shape the phenotypic responses to Smad4 knockout—a key regulator of
cellular signaling pathways implicated in pancreatic development and tumorigenesis. By unraveling
the molecular pathways underlying pancreatic phenotypes in the context of genetic variation, we
advance our understanding of pancreatic biology and pave the way for developing targeted therapies
and precision medicine approaches for pancreatic diseases.

2. Materials and Methods

Ethics and Animal Welfare Considerations

This research adhered to the national guidelines for the ethical treatment of laboratory animals.
The study’s protocol received approval from the Institutional Animal Care and Use Committee
(IACUC) of Tel Aviv University, under the authorization number (01-19-044). Daily health
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monitoring of the mice was conducted, with specific criteria set for humane euthanasia based on
weight loss or observed distress, in consultation with the facility’s Veterinary staff.

Crossbreeding to Generate F1 Offspring

The Collaborative Cross (CC) mouse strains were propagated at Tel-Aviv University’s animal
facility under standard conditions through about 20 generations of inbreeding, following previously
described methodologies [21,22]. The C57BL/6 J-Smad4tm1Mak strain was sourced from the Jackson
Laboratory (Bar Harbor, Maine, USA). Crosses between female mice from available CC strains and
C57BL/6 J-Smad4tm1Mak males resulted in F1 offspring. Genotypic screening for the Smad4 gene
among these produced F1 mice across lines for inclusion in subsequent experiments, detailed in Table
1.

Table 1. summarizes the sample size of male and female mice from the seven Collaborative cross-
lines with different genetic backgrounds.

d0i:10.20944/preprints202407.2452.v1

Line
CCo12 CCo18 CCo19 CCo025 CCo037 CC059 CCo084
WT 7 3 3 5 4 4 5
Female
KO .5 3 3 3 5 5 3
WT 4 3 3 3 6 7 5
Male
KO 6 3 4 3 9 4 4

Animal Housing and Nutritional Care

The mice were accommodated at the Sackler Faculty of Medicine’s animal facility, Tel-Aviv
University, under conditions approved by the university’s Animal Use and Care Committee (01-19-
044). They were kept in cages with hardwood chip bedding, separated by sex and CC lineage, under
a consistent 12-hour light/dark cycle, at a room temperature of 22°C. From weaning at three weeks
until the end of the study at 80 weeks, they had unrestricted access to water and a standard rodent
diet (TD.2018SC, Teklad Global, Harlan Inc., Madison, W1, USA).

Extraction of Genomic DNA

For genomic DNA extraction, the NaOH method was employed, as referenced in [23]. Tail
samples measuring 3-4 mm were collected into Eppendorf tubes, to which a mixture of 75ul of 25
mM NaOH and 0.2 mM EDTA was added. These samples were then heated at 98°C for 1 hour in a
thermocycler, cooled to 15°C, and neutralized with 75ul of 40mM Tris HCI (pH 5.5) post-heating.
Centrifugation at 4000rpm for 3 minutes helped clarify the samples, which were then ready for PCR
analysis.

F1 Mouse Genotyping Protocol

Specific primer pairs were used for PCR-based genotyping:

Primer 30403 (5'—TGT AGT TCT GTC TTT CCT TCC TG—3')

Primer 30404 (5'—ACT GAC CTT TAT ATA CGC GCT TG—-3')

Primer oIMR2088 (5'—AGA CTG CCT TGG GAA AAG CG—-3)

Two separate PCR reactions were set up:

Reaction A targeted a 200 bp segment of the Smad4 gene’s wild-type allele using primers 30403
and 30404.

Reaction B aimed to amplify a 300 bp fragment indicative of the Smad4 knockout allele with
primers 30404 and oIMR2088.

These PCR reactions included a series of steps: an initial touchdown phase, followed by 30 cycles
of denaturation, annealing, and extension, concluding with a final extension and a holding step.
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Tissue Harvesting

At 80 weeks, the mice were humanely euthanized using CO2, and their final body weights were
recorded. Body weight changes were calculated using the formula: (final body weight—initial body
weight) x100% / final body weight [14]. The pancreas was extracted, weighed, and the weight was
adjusted relative to the body weight using the formula: pancreas weight x 100% body weight [24].
Data Analysis

IBM SPSS Statistics 23 was used for data analysis. An independent sample t-test was conducted
to compare adjusted pancreatic weights between knockout (KO) and wild-type (WT) groups. The
analysis also included assessing the impact of sex on adjusted pancreatic weights and the variation
of adjusted pancreatic weights across different genetic lines to understand line effects.

3. Results

The Effect of Smad4 Kock out in the General Population of F1 Mice

Our experiment’s overall population of F1 mice showed a slight but insignificant increase in
pancreatic adjusted weight in heterozygous knockout mice compared to wild-type seven-line crosses.
Data supporting this finding are presented in Figure 1.

Adjusted pancreatic weight in the
genral population setting

2.60

2.50

2.40

2.30

2.20

Genotype

Adjusted pancreiatic weight (%)

Figure 1. Impact of Smad4 Deficiency on Adjusted Pancreatic Weight in the General Population of F1
Mice: The graph represents the adjusted pancreatic weights (pancreas weight as a percentage of body
weight) for wild-type (WT) and heterozygous knockout (Smad4+/-) F1 mice across 11 different genetic
lines of the Collaborative Cross (CC) population. The overall trend shows a slight increase in
pancreatic weight in the Smad4+/- group compared to the WT group, although this increase is not
statistically significant (p>0.05). Error bars denote the standard error of the mean (SEM). The lack of
substantial difference suggests that Smad4 deficiency has a modest effect on pancreatic weight in the
general population. The X-axis represents the genotype, while the Y-axis represents the adjusted
pancreatic weights. The statistical significance of differences in the average adjusted pancreatic
weights between the two groups is presented as follows: (*) indicates a significant difference at p <
0.05.

Sex Effect


https://doi.org/10.20944/preprints202407.2452.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2024 d0i:10.20944/preprints202407.2452.v1

Heterozygous knockout males showed a slight decrease in adjusted pancreatic weights
compared to wild-type males. Meanwhile, in females, there was a significant increase in adjusted
pancreatic weights in heterozygous knockout mice compared to wild-type mice. Data supporting
these findings are presented in Figure 2. These results suggest a sex-specific effect of heterozygous
knockout on pancreatic weight regulation, highlighting the importance of further investigation into
the underlying mechanisms driving this observed disparity.

Adjusted pancreatic weight in Males and Females
p=0.044

L 29

= p=0.107

0 27
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©
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2 WT WT KO
Female Male

Genotype and Sex

Figure 2. Sex-Specific Effects of Smad4 Deficiency on Adjusted Pancreatic Weight in F1 Mice: The
graph illustrates the adjusted pancreatic weights (pancreas weight as a percentage of body weight)
for wild-type (WT) and heterozygous knockout (KO) male and female F1 mice. In male mice, there is
no significant difference in adjusted pancreatic weights between WT and Smad4+/- groups. In
contrast, female mice show a significant increase in adjusted pancreatic weights in the Smad4+/-
group compared to the WT group (*p<0.05). The X-axis represents the genotype and Sex, while the Y-
axis represents the adjusted pancreatic weights. Error bars represent the standard error of the mean
(SEM). These results highlight a sex-specific response to Smad4 deficiency, with females exhibiting a
more pronounced increase in pancreatic weight than males.

Line Genetic Effect

The effect of Smad4 knockout on adjusted pancreatic weights varied significantly among the
different genetic lines of F1 mice. Lines CC018 and CC025 exhibited a significant increase in adjusted
pancreatic weights in heterozygous knockout mice compared to wild-type mice, indicating a notable
impact of Smad4 deficiency in these specific genetic backgrounds. Conversely, lines CC012, CC019,
CC037, CC059, and CC084 showed no significant difference in adjusted pancreatic weights between
heterozygous knockout and wild-type mice, suggesting that Smad4 deficiency does not markedly
affect pancreatic weight adjustment in these genetic backgrounds. Among these, lines CC012, CC059,
and CC084 showed no change in adjusted pancreatic weights, meaning that the pancreatic weight
relative to body weight was consistent between heterozygous knockout and wild-type mice.
Additionally, lines CC019 and CCO037 presented with a non-significant decrease in adjusted
pancreatic weights in heterozygous knockout mice compared to wild-type mice, suggesting that the
effect of Smad4 deficiency might be subtle or influenced by other genetic or environmental factors in
these lines. Data supporting these findings are presented in Figure 3, which details the specific
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adjusted pancreatic weights for each genetic line, highlighting the variability in response to Smad4
knockout across different genetic backgrounds.

Adjusted pancreatic weight in different lines
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W1 KO WT KO WT KO Wt KO Wt KO Wt KO WT KO
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Figure 3. Line-Specific Effects of Smad4 Deficiency on Adjusted Pancreatic Weight in F1 Mice: The
graph presents the adjusted pancreatic weights (pancreas weight as a percentage of body weight) for
wild-type (WT) and heterozygous knockout (Smad4+/-) F1 mice across various Collaborative Cross
(CC) lines. Error bars represent the standard error of the mean (SEM). The X-axis represents the
genotype and Line, while the Y-axis represents the adjusted pancreatic weights. The statistical
significance of differences in the adjusted pancreatic weights between the two groups is presented as
follows: (*) indicates a significant difference at p <0.05.

Line and Sex Effect

In this section, we compared the impact of Smad4 deficiency across seven lines (CC012, CC018,
CC019, CCO025, CC037, CCO59, and CCO84), analyzing differences in adjusted pancreatic weights
between male and female mice. The results of this section are presented in Figure 4.

Adjusted Pancreatic weights variations in different lines with sex effect
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Figure 4. Sex and Line-Specific Effects of Smad4 Deficiency on Adjusted Pancreatic Weight in F1 Mice:
The graph shows the adjusted pancreatic weights (pancreas weight as a percentage of body weight)
for male and female wild-type (WT) and heterozygous knockout (Smad4+/-) F1 mice across seven
Collaborative Cross (CC) lines. Error bars represent the standard error of the mean (SEM). The X-axis
represents the genotype, Line, and Sex, while the Y-axis represents the adjusted pancreatic weights.
The statistical significance of differences in the average adjusted pancreatic weights between the two
groups is presented as follows: (*) indicates a significant difference at p < 0.05.

For female mice, a significant effect of Smad4 knockout was observed in three lines: CCO018,
CC025, and CC084. This indicates that Smad4 deficiency substantially increases adjusted pancreatic
weights, specifically in females from these lines, suggesting a heightened sensitivity or a different
regulatory mechanism in female mice in response to the knockout.

In male mice, the impact of Smad4 deficiency was less consistent across the lines. Only line
CC025 significantly increased adjusted pancreatic weights, mirroring the effect seen in females of the
same line. Additionally, line CC037 showed a significant decrease in adjusted pancreatic weights in
male mice, contrasting with the lack of substantial change or increase in other lines and sexes. This
suggests that the impact of Smad4 deficiency may not only be sex-specific but also vary widely
depending on the genetic background of the mice.

Heritability

This study aimed to discover whether adjusted pancreatic weights phenotypic variance has a
genetic basis in Smad4 knockout F1 populations. Table 2 summarizes the heritability (H2) values
calculated to answer this question. One-way ANOVA was used to calculate the heritability of sex and
genotype-specific characteristics. The traits calculated are pancreatic-adjusted weights and body
weight changes for both sexes and genotypes.

Table 2. Results of calculating heritability (H2) and genetic variance (CVg) values. Heritability was
calculated using one-way ANOVA for the traits in our study, which were calculated separately by
sex and genotype.

Sex Genotype Trait VG H2 CVg
Female WT Adjusted Pan Weight % 0.284903 0.477302 0.214363
Female WT Delta_BW 14.5507 0.153954 0.062006
Female KO Adjusted Pan Weight % 0.257129 0.603407 0.201222
Female KO Delta_ BW 4.166905 0.036585 0.032808

Male WT Adjusted Pan Weight % 0.536923 0.456597 0.319978
Male WT Delta_BW 6.331883 0.04312 0.04313
Male KO Adjusted Pan Weight % 0.243643 0.412505 0.196654
Male KO Delta_BW 4.073576 0.030492 0.03395

4. Discussion

The Smad4 gene under scrutiny encodes a signal transduction that is essential for both
embryonic development and signaling. This gene has been linked to Myhre Syndrome, Juvenile
Polyposis Syndrome, Hereditary Hemorrhagic Telangiectasia Syndrome, and human pancreatic
cancer [25,26]. These knock-out mice have a mutation where a NEO selection cassette has taken the
place of exon 8 and a portion of exon 9. Western blot examination of homozygous immortalized
embryonic fibroblasts shows no detection of any gene product (protein) [27,28]. The phenotype of
homozygous null mice is embryonic fatal; they are unable to gastrulate or develop past embryonic
day 7.5. At E5.5, the size of the embryo decreases, and the extraembryonic and embryonic zones
become jumbled and poorly defined. In homozygous embryos, BrdU labeling at E6.5 shows reduced
cell growth. The backcrossing process might not have fixed the Y chromosome to the C57BL/6 genetic
background. A mouse is viable and fertile if it is heterozygous for the desired mutation [29,30].
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Our study aimed to investigate the effect of Smad4 deficiency on pancreatic weight in F1 mice
across different genetic backgrounds using the Collaborative Cross (CC) lines. The findings provide
insights into how Smad4 knockout influences pancreatic morphology, revealing significant
variability influenced by genetic background and sex. Previous reports suggested Smad4 loss alone
does not affect pancreatic weight, as mice with homozygous deletion of Smad4 in the pancreas did
not show any gross anatomical or physiological abnormalities, maintaining normal pancreatic
cytoarchitecture. Pancreatic weight remained unaffected in this context [31].

Additionally, another report on transgenic mice expressing dnSmad4, a dominant-negative
Smad4 protein, do not show significant changes in pancreatic weight, exocrine, or ductal histology
compared to wild-type mice. However, these mice display an age-dependent increase in islet size.
The dnSmad4 transgene expression leads to an expanded population of replicating cells expressing
the transgene in the stroma between enlarged islets and pancreatic ducts. This suggests that loss of
Smad4 signaling in the pancreas does not affect overall pancreatic weight but influences islet size and
cell proliferation dynamics within the pancreatic tissue [32].

The overall population of F1 mice showed a slight but not statistically significant increase in
adjusted pancreatic weights in heterozygous knockout mice compared to wild-type mice. This
suggests that Smad4 deficiency might influence pancreatic weight, but the effect is modest and could
be masked by other genetic and environmental factors. Previous studies have established Smad4’s
role in cellular signaling pathways and its involvement in various cancers, including pancreatic
cancer. Our findings align with the idea that Smad4 has a complex role in pancreatic biology,
potentially affecting growth and morphology in subtle ways that warrant further investigation.

The impact of Smad4 knockout on adjusted pancreatic weights varied significantly between
male and female mice. Heterozygous knockout males showed a slight decrease in adjusted pancreatic
weights compared to wild-type males. However, a significant increase in adjusted pancreatic weights
was noted in females. This sex-specific response suggests that female mice might be more sensitive
to Smad4 deficiency, potentially due to differences in hormonal regulation or metabolic processes
that influence pancreatic development and function. The sexual dimorphism observed in our study
could be crucial for understanding how genetic mutations differentially affect males and females and
might help tailor sex-specific therapeutic approaches in diseases related to Smad4 deficiency.

The response to Smad4 knockout varied across different CC lines, indicating that genetic
background significantly influences the phenotypic outcome as also revealed by Qahaz et al. [33].
Lines CC018 and CC025 showed a significant increase in adjusted pancreatic weights in heterozygous
knockout mice compared to wild-type mice. These lines may harbor genetic modifiers interacting
with Smad4, enhancing its impact on pancreatic weight. Conversely, lines CC012, CC019, CC037,
CC059, and CC084 did not show significant differences, suggesting that other compensatory
mechanisms might mitigate the effect of Smad4 deficiency in these genetic backgrounds. The non-
significant increases and decreases observed in some lines further highlight the complexity of genetic
interactions that regulate pancreatic morphology.

The analysis of sex effects within specific lines revealed additional complexity. In female mice,
a significant impact of Smad4 knockout was observed in lines CC018, CC025, and CC084, whereas in
male mice, significant changes were noted only in lines CC025 (increase) and CC037 (decrease). This
highlights the importance of considering genetic background and sex when studying the effects of
genetic mutations. The significant reduction in adjusted pancreatic weights in CC037 males,
contrasting with the effects in females, underscores the intricate interplay between genetic, hormonal,
and environmental factors in shaping phenotypic outcomes. These findings suggest that therapeutic
strategies for conditions involving Smad4 might need to be personalized based on both genetic
background and sex.

5. Conclusions

Our study underscores the importance of genetic background in modulating the phenotypic
effects of gene knockouts. With its extensive genetic diversity, the CC mouse population serves as an
excellent model for dissecting the complex interactions between genes and phenotypes. Future
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research should focus on identifying specific genetic modifiers that influence the impact of Smad4
deficiency on pancreatic weight. Understanding these modifiers could provide insights into the
molecular pathways involved and identify potential targets for therapeutic intervention.

Moreover, the observed sex-specific effects warrant further exploration into the underlying
mechanisms. Investigating hormonal influences and sex-specific gene expression patterns in the
pancreas could explain why female mice are more affected by Smad4 deficiency. This knowledge
could be pivotal in developing sex-specific treatments for pancreatic diseases and other conditions
involving Smad4 mutations.

This study highlights the significant variability in the impact of Smad4 deficiency on pancreatic
weight due to genetic background and sex. The findings emphasize the need to consider genetic
diversity and sex differences in biomedical research, particularly in studies involving genetic
modifications. By leveraging the genetic complexity of the CC mouse population, we can gain deeper
insights into the biological functions of Smad4 and its role in pancreatic health and disease, ultimately
contributing to the development of more effective and personalized therapeutic strategies.
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