
� � ��� �� �� � �� 	 
 � � �� 
 �� � � � ��� � � � 	 �� �� � � �
 �� � � ���
� 
 	 � � � � � ��� � � � � � �� � �� � �� � � � 	 �� �� �� � � � �� �� � � � � �� � � � � � �

�� � � �� � 	 � � 
 � � �� �
 � �� �� � � � � � � �
 �

� � � 
 
 � � � � ��� ��� 
 � �� � �� � � 
 � �

� �� � � �
 � � � ��� ��� �� ���� � � � ��� � ��� � � 
 �� � � � � �
 !�� 
  � ��" � � � � �#�� 
 � �!�� � �
�� �� � � 
 � 
 � � ��� � #� � � � � �	 
 �� #� � � �#�� �� � � � �� �� � � � � ��� $%&' ��
( � � � � � �� � �
 !�) 
 � � � 
 � � 	 � 
 � ��
 � � 	 � *++, � �
 	 � � � � 	 
 � �� 
 � � �#
 � +

 � � � �� +� - . / +/ � � 0/ �

%�1���
�� ( � � � � � �� � �
 !�) 
 � � � 
 � � 	 � 
 �

' 
 , � �
 � � �� � � � �����2��2/�2�*�3*.�

4�#� � � � 
 � � 	 � *++#� � � � � � #
 � � 
 � � �
 � " +��#� � � � � +1� � � #� � � +- �� +

4�� � �� 
 ��� � � 
 � � 	 � *++, � �
 	 � � � � 	 
 � �� 
 � � �#
 � +
 � � � �� +� - . / +/ � � 0/ �

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://wlv.openrepository.com/handle/2436/625960


 

 

AN IN VIVO STUDY OF NOVEL GENETIC MODIFIERS IN AUTOSOMAL 

RECESSIVE POLYCYSTIC KIDNEY DISEASE (ARPKD)  

 

By 

 

SONIYA ARSHAD MALIK  

 

A thesis submitted in partial fulfilment of the requirement of the 

University of Wolverhampton for the degree of  

Doctor of Philosophy  

 

Research Institute in Healthcare Science  

Faculty of Science and Engineering  

University of Wolverhampton  

 

SEPTEMBER 2024



I   
 

Declaration  

 

 
This work or any part thereof has not previously been presented in 

any form to the university or to any other body , whether for the purposes 

of assessment, publication, or for any other purpose (unless otherwise 

indicated). Where information has been derived from other sources, I 

confirm that this has been indicated in the thesis. I confirm that the 

intellectual content of the work is the result of my own efforts and of no 

other person.  

The right of Soniya Arshad Malik to be identified as an author of this 

work is asserted in accordance with ss. 77 and 78 of the Copyright, Designs 

and Patents Act 1988. At this date, copyright is owned by the author.  

 

Soniya Arshad Malik  

01/09/2024  

  

Declaration 



II   
 

Dedications  

  

To my grandparents , 

 

Muhammad Malik ���õ�;�I�Â�< ���õ�ê�ô�ã�ö�£�ô�­, Karamnoor Begum  ���õ�;�I�Â�< �Ž�ô�ì�ô�ã�ö�£�ô�­,  

Karamat Hussain ���õ�;�I�Â�< ���õ�ê�ô�ã�ö�£�ô�­, and Maqsood Bi .  

 

Thank you for being a constant source of inspiration.  

�7�K�L�V���Z�R�X�O�G�Q�¶�W���K�D�Y�H���E�H�H�Q���S�R�V�V�L�E�O�H���Z�L�W�K�R�X�W���\�R�X���D�Q�G���\�R�X�U��

unwavering love, encouragement and support.  

 

Although you �G�L�G�Q�¶�W all  see my whole journey,  

I hope I made you proud.  



III   
 

Acknowledgements  

 

�<���õ�©�ø�ã�ô�£�ø�ß ���ö�I�ö�Â ���ö�÷�• �ô�­ �<���ô�å�ó�ö�ã�ô�à�;�ð�ô�Ì�ø�ß   

�³All praise is due  to Allah, Lord of the worlds �  ́

�>�4�X�U�¶�D�Q������2]  

 I would like to express my thanks to my supervisor, Dr Paraskevi 

Goggolidou, whose knowledge was invaluable to this project. Evi, I will 

forever be appreciative to you for your guidance and support. You saw my 

potential and shaped me into the scientist I a m today and for that, I am 

always grateful. I would also like to thank my second supervisor, Dr. 

Charlotte Dean, for her advice and support during this project.  

 I am thankful to my colleagues, Dr Taylor Richards and Dr Kavindiya 

Modarage, whose friendship and support brought ease and many memories 

to this journey; I am fortunate to have completed this with you. I extend 

my thanks to Raaghavi Aravindan for her con tributions to this project, and 

to my friends in the lab, I pray  you are all successful in your journeys.  

 I would like to especially dedicate my acknowledgments to my mom, 

Rifhat Hussain, whose endless love and support is the reason I am here 

today. To my beautiful Ammi, the most selfless person I know, you taught 

me strength and you made this possible; I wil l forever be indebted to you. 

To my Abu, Arshad Malik, thank you for always believing in me and 

encouraging me. I know together, you and mom have worked tirelessly for 

our success, and so I share this with you. This is for you.  

Acknowledgements 



IV   
 

Iram, Kiran, Alisha and Safah, I am eternally grateful that God picked 

you as my sisters and that I got to do this with you by my side. I have 

thoroughly enjoyed  all of  your daily WhatsApp harassments, our 9AM 

sessions and the food you have all fed me. Thank you for being my constant 

support; knowingly and unknowingly, you have made this journey easy for 

me. I would also like to extend my thanks to my brothers - in - law for their 

support throughout this journey.  

To my beautiful nieces and nephews, Muiz, Amaani, Izaan, Amaan, 

Aizah, Aryaan, Zayaam, Liyana and Layth, you have brought me happiness 

beyond measure. I hope through this, I can inspire you to always seek 

knowledge and achieve your dreams. No matter what y ou choose to do, I 

will forever be proud of you.  

Finally, I extend my  thanks to  my best friend , Rimah , who has always 

supported me  throughout this journey , and to  the rest of my extended 

family and dearest  friends , whose well wishes  and continuous words of 

encouragement have not gone unnoticed.   

 

�Ž�ô�ã�ô�í ���8�ð�ö�Ø�ó�ö�Ó�ø�í�ô�— ���I�û�ö�‡ ���ö�‘�=���ö�I�Â�I�� ���ö�ê�ø�ó�ô�à�ô�Ë ���õ�• �ø�à�I�Û�ô�í�ô�— ���ö�ê�ø�ó�ô�ß�ö�‡�ô�í ���õ�•�ó�ö�ç�õ�ƒ  

�³�0�\���V�X�F�F�H�V�V���F�R�P�H�V���R�Q�O�\���W�K�U�R�X�J�K���$�O�O�D�K�����L�Q���+�L�P���,���W�U�X�V�W���D�Q�G���W�R���+�L�P���,���W�X�U�Q�´ 

�>�4�X�U�¶�D�Q�������������@ 

  



V  
 

Abstract 
Abstract   

 

 Autosomal Recessive Polycystic Kidney Disease (ARPKD) is a rare 

genetic disorder that  manifests with bilaterally enlarged, cystic kidneys, 

hepatic fibrosis and pulmonary hypoplasia , with death reported in around 

30 �± 50% of affected neonates. Mutations in  PKHD1 and DZIP1L  have been 

identified as causative genes for ARPKD , with the protein products of both 

genes localising to the primary cilium. Ciliary signalling pathways, such as 

Wnt signalling, have been investigated to dissect potential molecular 

mechani sms of ARPKD, however, these remain unclear. To overcome this, 

researchers have tried to develop rodent models that replicate human 

ARPKD and thus  far, this has proven challenging.   

Using our current understanding regarding pathogenic variants in 

ARPKD patients , we have developed the novel Pkhd1 T37M/T37M  mouse model 

that carries the most common and severe truncating mutation in human 

ARPKD. For this study, we aim ed to characterise this model by performing 

experiments in the kidney, liver and lung , across different developmental 

stages, as presented in human ARPKD . From our data, we found that t he 

kidney phenotype in Pkhd1 T37M/T37M  mice was overall mild, presenting as 

tubular dilation from around P2, and cytoskeletal defects in aged mice. 

Furthermore , novel Pkhd1  targets, including Muc1, Tacstd2  and Epor , were 

identified via RNA -sequencing analysis with metabolic pathways such as 

oxidative phosphorylation appearing dysregulated. In the liver, 

Abstract 
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Pkhd1 T37M/T37M  mice presented progressive liver fibrosis and increased 

canonical Wnt signalling.  Excitingly, f or the first time, we provide evidence 

that the lung may be a primary characteristic of ARPKD, rather than a 

secondary consequence, with mutations in Pkhd1  resulting in changes in 

the gross morphological structure of  Pkhd1 T37M/T37M  mouse lungs  and 

aberrant expression of key PKD and Wnt signalling genes, including Pkd1, 

Atmin  and Vangl2 . Interestingly, RNA -sequencing analysis also identified 

Aqp2, Fo xf1  and Igfbp2  as novel Pkhd1 targets in the lung, as well as 

dysregulation of STAT3 signalling in Pkhd1 T37M/T37M  mice. Together, this 

data further highlights potential mechanisms of action for the lung 

phenotype and sets the ground for future investigations to dissect these 

relationships.  

Overall, our study  shows  that the Pkhd1 T37M/T37M  mouse exhibits an 

ARPKD- like phenotype and could be a useful tool to advance our 

understanding of ARPKD and the potential molecular mechanisms involved.  
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intercept was then determined using the following equation: Lm = NL/X  (n = 6 per 
field, 3 fields per section, 2 sections per mouse, 4 mice per genotype). Image from 
wildtype mouse. All comparisons wer e performed at 10x magnification. Scale bar = 
100 �Ëm.  109  

Figure 11: Significant tubular dilation in the cortex of Pkhd1 T37M/T37M  mouse 
kidneys at P2. (a) H&E staining of wildtype and (b) Pkhd1 T37M/T37M  mouse kidneys 
at P2 displayed tubular dilation in the cortex (white arrows) (n = 4, 4x magnification, 
scale bar = 100 �Ëm (c) tubular dilation analysis revealed no significant difference in 
Pkhd1 T37M/T37M  mouse kidneys when compared to wildtype littermates (n = 40 tubules 
�S�H�U���P�R�X�V�H���������P�L�F�H���S�H�U���J�H�Q�R�W�\�S�H�����:�H�O�F�K�¶�V���W- test performed: ns = not significant, error 
bars represent SEM) (d) tubular dilation analysis tubular dilation analysis in the inner 
medullary region, and medullary region showed no significant cha nge however, a 
significant increase was observed in the cortex region in Pkhd1 T37M/T37M kidneys than 
when compared to age -matched, wildtype kidneys (n = 40 tubules per region per 
�P�R�X�V�H���������P�L�F�H���S�H�U���J�H�Q�R�W�\�S�H���� �:�H�O�F�K�¶�V���W- test performed: ns = not significant, * P < 
0.05, error bars represent SEM). In (c)  and (d) , the violin distribution signifies 
technical variation per condition.  116  

Figure 12: Downregulated Pkhd1 mRNA expression in Pkhd1 T37M/T37M  mice at P2. 
A 0.79 - fold decrease in Pkhd1 mRNA expression in Pkhd1 T37M/T37M  mouse kidneys 
when compared to age -matched, wildtype littermates. No significant changes were 
�L�G�H�Q�W�L�I�L�H�G���L�Q���3�N�G�������3�N�G�������$�W�P�L�Q�����:�Q�W���D�����D�Q�G���:�Q�W���E���P�5�1�$���H�[�S�U�H�V�V�L�R�Q�����Q��� ���������:�H�O�F�K�¶�V��
t - test and Mann -Whitney U -Test performed: ns = not significant, * P < 0.05, err or 
bars represent SEM).  118  

Figure 13: Diminished Fibrocystin protein expression in 4 - month - old 
Pkhd1 T37M/T37M  mice when compared to wildtype littermates. Gapdh was used 
as a loading control. Fibrocystin, 1:1,000, Gapdh, 1:5,000, Anti -Rat IgG (HRP), 
1:10,000, Anti -Mouse IgG (HRP), 1:5,000 (n = 3).  119  

Figure 14: No significant differences seen in the weight of 4 - month - old kidneys 
when comparing wildtype to Pkhd1 T37M/T37M  mice. Male mice had an overall 
higher kidney weight compared to female mice although there was no significant 
difference between age -matched and gender -matched wildtype and Pkhd1 T37M/T37M  
kidneys (n = 6 for wildtype, n = 8 for Pkhd1 T37M/T37M �����:�H�O�F�K�¶�V���W- test performed: ns = 
not significant, error bars represent SEM).  121  

Figure 15: Increased tubular dilation throughout the 4 - month - old Pkhd1 T37M/T37M  
mouse kidney. (a) H&E staining of 4 -month -old wildtype and (b)  Pkhd1 T37M/T37M  
kidneys and (i) complimentary  tubular analysis revealed significant tubular dilation 
when compared to age -matched, wildtype kidneys (4x magnification, scale bar = 200 
�Ë�P�����Q��� ���������W�X�E�X�O�H�V���S�H�U���P�L�F�H���������P�L�F�H���S�H�U���J�H�Q�R�W�\�S�H�����:�H�O�F�K�¶�V���W- test performed: ** P < 
0.01, error bars represent SEM) (c - h)  H&E staining of wildtype and Pkhd1 T37M/T37M  
mouse kidneys in 4 -month -old mice displayed significant tubular dilation in the (c, f, 
j) inner medullary region, (d, g,  j)  medulla, and (e, h, j)  cortex than when compared 
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to age -matched, wildtype littermates (10x magnification, scale bar = 100 �Ëm, n = 40 
�W�X�E�X�O�H�V���S�H�U���U�H�J�L�R�Q���S�H�U���P�R�X�V�H���������P�L�F�H���S�H�U���J�H�Q�R�W�\�S�H�����:�H�O�F�K�¶�V���W- test performed: * P < 
0.05, ** P < 0.01, error bars represent SEM). In (i)  and (j) , the violin distribution 
signifies technical variation per condition.  122  

Figure 16: No changes were seen in the mRNA expression of key PKD and Wnt 
signalling genes in 4 - month - old Pkhd1 T37M/T37M  mouse kidneys when 
compared to wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a, and 
�:�Q�W���E���P�5�1�$���H�[�S�U�H�V�V�L�R�Q�����Q��� ���������:�H�O�F�K�¶�V���W- test performed: ns = not significant, error 
bars represent SEM).  124  

Figure 17: The Pkhd1 T37M/T37M  homozygous mutation has no impact on key Wnt 
signalling proteins in 4 - month - old Pkhd1 T37M/T37M mouse kidneys. No changes 
can be seen in (a, e)  phosphorylated (total) and (b, f) non -phosphorylated (active) 
�Ã-catenin, (c, g) E-cadherin, and (d, h) Scribble protein expression in 4 -month -old 
Pkhd1 T37M/T37M  mouse kidneys when compared to wildtype littermates. Gapdh was 
�X�V�H�G���D�V���D���O�R�D�G�L�Q�J���F�R�Q�W�U�R�O�����7�R�W�D�O���D�Q�G���$�F�W�L�Y�H���Ã-catenin, E -cadherin, Scribble, 1:1,000, 
Gapdh, 1:5,000, Anti -Rabbit IgG (HRP), Anti -Mouse IgG (HRP), 1:5,000 (n = 6, 
�:�H�O�F�K�¶�V���W- test performed: ns = not significant, error bars represent SEM).  126  

Figure 18: Quality control data from RNA - sequencing of 4 - month - old wildtype 
and Pkhd1 T37M/T37M  mouse kidneys. A PCA plot generated from the rLog of 
normalised counts showing the relationships between 4 -month -old wildtype and 
Pkhd1 T37M/T37M  kidney samples across (a)  PC1 and PC2 and (b) PC2 and PC3. (c) A 
Euclidian distance plot showing the relationship between 4 -month -old wildtype and 
Pkhd1 T37M/T37M  kidney samples where 0 signifies dissimilarity and 1 signifies similarity. 
In this comparison, samples show similarity albeit genotype differences (d)  A 
histogram showing the distribution of P -values. Values to the left of the dashed line 
have a P -value of less than 0.05 (e)  An MA -plot showing the relationship between 
Log 2(Fold Change) compared to Log 2(mean of the normalised counts). Significant 
genes are coloured blue  (total 228 genes) with some potential genes of interest 
labelled (n = 2 for wildtype, n = 3 for Pkhd1 T37M/T37M in all comparisons, P -adjusted 
value < 0.05 deemed significant).  128  

Figure 19: Differential expression analysis identified 54 DEGs.  (a) A volcano plot 
showing distribution of differential expression data from 4-month -old wildtype and 

Pkhd1
T37M/T37M

 kidneys in relation to Log 2(Fold Change). Top 10 DEGs are labelled. 

Top 25 DEGs are coloured dark blue , top 50 DEGs are coloured blue , and top 100 
DEGs are coloured sky blue . Significant DEGs are coloured light blue . Horizontal 
dashed lines signify �±Log 10 (P-adjusted value) of 0.05. Vertical dashed lines signify a 

Log 2(Fold change) of -1 and 1, respectively (n = 2 for wildtype, n = 3 for 

Pkhd1 T37M/T37M in all comparisons, P -adjusted value < 0.05 deemed significant) (b - e)  
STRING map highlighting a network of predicted functional partners including from 
PKD associated pathways for (b)  Tacstd2, (c) Aqp2, (d) Epor, and (e) Muc1. DEGs 
can be identified by red  nodules. Predictions are made based on interactions via 
experiments, database, and textmining predictions and given a confidence score of 
0.4 ( lightest  lines), 0.7 ( darker  lines), and 0.9 ( darkest  lines).  130  

Figure 20:  Differential expression validation via qRT - PCR of five of the top 10 
RNA - sequencing DEGs reveals no significant changes in the mRNA 
expression of 4 - month - old wildtype and age - matched Pkhd1 T37M/T37M  mice. 
(a)  A plot showing the Log 2(Fold Change) and -Log 10 (P-Adjusted Value) determined 
via RNA -sequencing of the five selected DEGs. Upregulated genes are highlighted in 
green , no downregulated genes found in the top 10 DEGs (n = 2 for wildtype, n = 3 
for Pkhd1 T37M/T37M , P-adjusted value < 0.05 deemed significant) (b - f) No changes 
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seen in the mRNA expression of (b) Muc20, (c) Plet1, (d)  Aqp2, (e) Epor, and (f)  
Muc1 in 4 -month -old wildtype and Pkhd1 T37M/T37M  �N�L�G�Q�H�\�V�� ���Q�� � �� ������ �:�H�O�F�K�¶�V�� �W- test 
performed: ns = not significant, error bars represent SEM).  134  

Figure 21: Immunostaining and expression analysis revealed no change in Aqp2 
localisation and protein expression in 4 - month - old Pkhd1 T37M/T37M  mouse 
kidneys. (a - d)  DAB staining showing localisation of Aqp2 in (a, b) wildtype and (c, 
d) Pkhd1 T37M/T37M  mouse kidneys at (a, c) 4x and (b, d) 10x magnification. 
Aquaporin -2, 1:500, Anti -Rabbit IgG Alexa Fluor 594, 1:1,000 (n = 3, 4x and 10x 
magnification, scale bar = 200 �Ëm and 100 �Ëm, respectively) (e, f) No significant 
difference in Aqp2 protein expression in 4 -month -old wildtype and Pkhd1 T37M/T37M  age -
matched kidneys. Gapdh was used as a loading control. Aquaporin -2, 1:500, Gapdh, 
1:5,000, Anti -Rabbit IgG (HRP), Goat Anti - �0�R�X�V�H���,�J�*�����+�5�3�������������������������Q��� ���������:�H�O�F�K�¶�V��
t - test performed: ns = not significant, error bars represent SEM).  136  

Figure 22: Transcriptional changes seen in genes identified via RNA - sequencing 
are associated with PKD - related signalling pathways. Positive Normalised 
Expression Scores (NES) were identified for 19 of 22 statistically significant gene sets 
identified including TNF - �.�� �V�L�J�Q�D�O�O�L�Q�J�� �Y�L�D�� �1�)- �É�%���� �7�*�)- �Ã�� �V�L�J�Q�D�O�O�L�Q�J���� �H�S�L�W�K�H�O�L�D�O-
mesenchymal transition (EMT), and P13K/AKT/mTOR signalling. Negative NES was 
identified for gene sets associated with bile acid metabolism, oxidative 
phosphorylation, and fatty acid metabolism (n = 2, P -adjusted value < 0.05 deemed 
significant).  138  

�)�L�J�X�U�H�� �������� �&�U�H�D�W�L�Q�L�Q�H�� ���Ë�P�R�O���/���� �D�Q�G�� �D�O�E�X�P�L�Q���� �F�U�H�D�W�L�Q�L�Q�H�� �U�D�W�L�R�V�� �L�Q�� ����- week - old 
Pkhd1 T37M/T37M  mice show mild decrease in kidney function which is reversed 
in 41 - week - old mice. (a)  No significant differences in albumin (g/dL) levels seen 
in 35 -week -old and 41 -week -old age -matched wildtype and Pkhd1 T37M/T37M  mice (b)  
�6�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q�F�U�H�D�V�H�G���F�U�H�D�W�L�Q�L�Q�H�����Ë�P�R�O���/�����L�Q������-week -old Pkhd1 T37M/T37M  mice which 
significantly decreases at 41 -weeks -old, a pattern consistently seen in male and 
female mice, albeit not significant in gender -matched mice (c)  A slight, significant 
decrease seen in albumin: creatinine ratio in 35 -week -old Pkhd1 T37M/T37M  mice, 
especially male mice, which increases at 41 -weeks -old, albeit non -significant (n = 8 
(wildtype: 4 male, 4 female; Pkhd1 T37M/T37M ���� ���� �P�D�O�H���� ���� �I�H�P�D�O�H������ �:�H�O�F�K�¶�V�� �W- test and 
ANOVA perform ed: ns = not significant, * P < 0.05, ANOVA P < 0.05 considered 
significant,  error bars represent SEM) (d)  Higher urinary protein (mg/dL) in male 
mice compared to female mice, albeit no significant differences between 36 -week -old 
wildtype and Pkhd1 T37M/T37M  mice (n = 8 (wildtype: 3 male, 5 female; Pkhd1 T37M/T37M : 
�����P�D�O�H���������I�H�P�D�O�H�������:�H�O�F�K�¶�V���W- test pe rformed: ns = not significant, error bars represent 
SEM) (a - c)  35 -week -old comparisons in dark blue  and red ; 41 -week -old 
comparisons in light blue  and orange . 140  

Figure 24: Diminished Fibrocystin protein expression in 9 - month - old 
Pkhd1 T37M/T37M  mice when compared to wildtype littermates. Gapdh was used 
as a loading control Fibrocystin, 1:1,000, Gapdh, 1:5,000, Anti -Rat IgG (HRP), 
1:10,000, Anti -Mouse IgG (HRP), 1:5,000 (n = 3).  142  

Figure 25: Increased tubular dilation throughout the 9 - month - old Pkhd1 T37M/T37M  
mouse kidneys. H&E staining of (a)  wildtype and (b)  Pkhd1 T37M/T37M  mouse kidneys 
at 9 -months -old revealed tubular dilation, together with apparent disorganised 
structural formation (black arrows) (4x magnification, scale bar = 200 �Ëm, n = 9 mice 
per genotype).  143  

Figure 26: No significant changes were seen in the mRNA expression of key PKD 
and Wnt signalling genes in 9 - month - old Pkhd1 T37M/T37M  mouse kidneys when 
compared to wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a, and 
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�:�Q�W���E���P�5�1�$���H�[�S�U�H�V�V�L�R�Q�����Q��� ���������:�H�O�F�K�¶�V���W- test performed: ns = not significant, error 
bars represent SEM).  145  

Figure 27: Average - Log 2  relative mRNA expression patterns of Pkhd1, Pkd1, 
Pkd2, Atmin, Wnt5a, and Wnt9b in wildtype and Pkhd1 T37M/T37M  kidneys 
remain consistent as mice are aged. This includes across all investigated 
developmental ages in this study including P2, 4 -months -old, and 9 -months -old. P2 
comparisons in dark blue and red ; 4 -month -old comparisons in light blue and 
orange ; 9-month -old comparisons in purple  and yellow  (n = 6 for P2, n = 8 for 4 -
month -old and 9 -month - �R�O�G���F�R�P�S�D�U�L�V�R�Q�V���� �:�H�O�F�K�¶�V���W- test and ANOVA performed: ns 
= not significant, ANOVA p < 0.05 considered significant, error bars represent SEM).
 146  

Figure 28: The Pkhd1 T37M/T37M  homozygous mutation has little impact on the key 
Wnt signalling targets in 9 - month - old Pkhd1 T37M/T37M  mouse kidneys. No 
changes can be seen in (a, e)  phosphorylated (total) and (b, f)  non -phosphorylated 
���D�F�W�L�Y�H�����Ã-catenin. A significant 0.08 - fold and 0.17 - fold increase can be seen in (c, 
g)  E-cadherin and (d, h)  Scribble protein expression in 9 -month -old Pkhd1 T37M/T37M  
mouse kidneys when compared to wildtype littermates, respectively. Gapdh used as 
�D���O�R�D�G�L�Q�J���F�R�Q�W�U�R�O�����7�R�W�D�O���D�Q�G���$�F�W�L�Y�H���Ã-catenin, E -cadherin, Scribble, 1:1,000, Gapdh, 
1:5,000, Anti -Rabbit IgG (HRP), Anti -Mouse IgG (HRP), 1:5,000 (n =  5- �������:�H�O�F�K�¶�V���W-
test performed: ns = not significant, * P < 0.05, error bars represent SEM).  148  

Figure 29: 9 - month - old Pkhd1 T37M/T37M  kidneys reveal no defects in ciliogenesis, 
albeit diminished Fibrocystin protein expression. �$�F�H�W�\�O�D�W�H�G���.- tubulin staining 
of (a) wildtype and (d)  Pkhd1 T37M/T37M  mouse kidneys ( green ), counterstained with 
(b, e)  DAPI for nuclear staining ( blue ), and (c, f)  a merge image of both acetylated 
�. - �W�X�E�X�O�L�Q�� �D�Q�G�� �Q�X�F�O�H�D�U�� �V�W�D�L�Q�L�Q�J���� �$�F�H�W�\�O�D�W�H�G�� �.- tubulin, 1:500, Anti -Mouse IgG Alexa 
Fluor 488, 1:500 -1,000 (n = 3, 63x magnification, scale bar = 10 µm) (g)  No 
significant differences identified in the number of ciliated cells per 100 µm 2 and (h) 
in the average cilia length between wildtype and Pkhd1 T37M/T37M  mice ( n = 3, with 10 
z- �V�W�D�F�N���L�P�D�J�H�V���D�Q�D�O�\�V�H�G���S�H�U���P�R�X�V�H�����:�H�O�F�K�¶�V���W- test performed: ns = not significant, 
error bars represent SEM). In (g)  and (h) , the violin distribution signifies technical 
variation per condition.  150  

Fig ure 30: 9 - month - old Pkhd1 T37M/T37M  kidneys exhibit F - actin staining patterns 
consistent with a disorganised cytoskeleton. (a, d) Phalloidin staining of 9 -
month -old (a) wildtype and (d) Pkhd1 T37M/T37M  kidneys ( red ), counterstained with (b, 
e)  DAPI for nuclear staining ( blue ), and (c, f)  a merge image of both F -actin and 
nuclear staining. ( a)  Uniform F -actin distribution seen in wildtype kidneys (white 
arrows) when compared to (d) Pkhd1 T37M/T37M  kidneys which show inconsistent and 
uneven staining patterns (white arrows). Phalloidin, 1:500 (n = 4, 20x magnification, 
scale bar = 50 �Ëm).  152  

Figure 31: 9 - month - old Pkhd1 T37M/T37M  kidneys exhibit staining patterns 
consistent with a disorganised cytoskeleton, (a, d) Cytokeratin staining of 9 -
month -old (a)  wildtype and (d)  Pkhd1 T37M/T37M  kidneys ( green ), counterstained with 
(b, e) DAPI for nuclear staining ( blue ), and (c, f) a merge image of both cytokeratin 
and nuclear staining. (a)  Consistent epithelial staining seen in wildtype kidneys (white 
arrows) when compared to (d) Pkhd1 T37M/T37M  kidneys which show expanded (white 
arrows) and diffuse staining patterns (yellow arrows), restricted to interstitial cells 
and not observed in tubule epithelia. Cytokeratin, 1:300, Ant i-Mouse IgG Alexa Fluor 
488, 1:500 - ���������������Q��� �������������[���P�D�J�Q�L�I�L�F�D�W�L�R�Q�����V�F�D�O�H���E�D�U��� ���������Ë�P���� 154  
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Figure 32: No visible differences in gross liver structure of P2 Pkhd1 T37M/T37M  
mice. H&E staining of (a) wildtype and (b)  Pkhd1 T37M/T37M  P2 livers (n = 4, 10x 
�P�D�J�Q�L�I�L�F�D�W�L�R�Q�����V�F�D�O�H���E�D�U��� �����������Ë�P���� 172  

Figure 33: No significant changes seen in the mRNA expression of key PKD and 
fibrosis related genes in P2 Pkhd1 T37M/T37M  mouse livers when compared to 
wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA expression (n = 6, 
�:�H�O�F�K�¶�V���W- test performed: ns = not significant, error bars represent SEM).  173  

Figure 34: No significant differences seen in the weight of 4 - month - old livers 
when comparing wildtype to Pkhd1 T37M/T37M  mice. Both male and female mice 
presented no differences in liver weight when gender -matched (n = 6 for wildtype, n 
= 8 for Pkhd1 T37M/T37M , ns = not significant, error bars represent SEM).  175  

Figure 35: 4 - month - old Pkhd1 T37M/T37M  mice display increased fat deposits but no 
other obvious changes in gross structure when compared to wildtype livers. 
H&E staining of (a)  wildtype and (b)  Pkhd1 T37M/T37M  livers at 4 -months -old present 
increase in fat deposits (white arrows) but no visible differences in gross architecture 
���Q�� � �� ������ �����[�� �P�D�J�Q�L�I�L�F�D�W�L�R�Q���� �V�F�D�O�H�� �E�D�U�� � �� �������� �Ë�P�� (a - d)  DAB staining of (c, d)  �. -
smooth muscle actin and (e, f)  �D�F�W�L�Y�H�� �Ã-catenin in (c, e)  wildtype and (d, f)  
Pkhd1 T37M/T37M  livers present no fibrosis or increase in activated Wnt signalling when 
compared to age -matched, wildtype livers at 4 -months - �R�O�G�����.- smooth muscle actin, 
�������������������D�F�W�L�Y�H���Ã-catenin, 1:500, Anti -Rabbit IgG Alexa Fluor 594, 1:1,000 (n = 4, 
10x magnification, �V�F�D�O�H���E�D�U��� �����������Ë�P���� 176  

Figure 36: Increased fat deposits in Pkhd1 T37M/T37M  mouse livers at 4 - months - old.  
Immunostaining of Caveolin -1 in (a - c)  wildtype and (d - f)  Pkhd1 T37M/T37M  livers at 4 -
months -old displayed significant increase in fat deposits (white arrows) (g) Average 
of 6 vs 14 Caveolin -1- �V�W�D�L�Q�H�G�� �I�D�W�W�\�� �G�H�S�R�V�L�W�V�� �L�G�H�Q�W�L�I�L�H�G�� �S�H�U�� �������� �Ë�P2 in 4 -month -old 
wildtype and Pkhd1 T37M/T37M  livers, respectively. Caveolin -1, 1:800, Anti -Rabbit IgG 
Alexa Fluor 594, 1:1,000 (n = 30 fields per mouse, 3 mice per genotype, 10x 
�P�D�J�Q�L�I�L�F�D�W�L�R�Q�����V�F�D�O�H���E�D�U��� ���������Ë�P�����:�H�O�F�K�¶�V���W- test performed: * P < 0.05, error bars 
represent SEM).  178  

Figure 37: No significant changes seen in the mRNA expression of key PKD and 
fibrosis related genes in 4 - month - old Pkhd1 T37M/T37M  mouse livers when 
compared to wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA 
�H�[�S�U�H�V�V�L�R�Q�����Q��� ���������:�H�O�F�K�¶�V���W- test performed: ns = not significant, error bars represent 
SEM).  180  

Figure 38: Analysis of blood markers for liver function, including free fatty acids 

(mmol/L) and total bilirubin ( �Ëmol/L), in wildtype and Pkhd1
T37M/T37M

 mouse 
livers revealed no change. (a) No significant differences in free fatty acid levels 

(mmol/L) detected in 35 -week -old and 41 -week -old Pkhd1
T37M/T37M

 mice compared to 
age -matched, wildtype mice (n = 8 (wildtype: 4 male, 4 female; Pkhd1 T37M/T37M : 5 
�P�D�O�H���������I�H�P�D�O�H�������:�H�O�F�K�¶�V���W- test and ANOVA performed: ns = not significant, ANOVA 
p < 0.05 considered significant,  error bars represent SEM). 35 -week -old comparisons 
in dark blue and red ; 41 -week -old comparisons in light blue and orange  (b) No 
significant differences in total bilirubin ( �Ëmol/L) detected in 39 -week -old 

Pkhd1
T37M/T37M

 mice compared to age -matched wildtype mice (n = 8 (wildtype: 3 male, 
5 female; Pkhd1 T37M/T37M ���� ���� �P�D�O�H���� ���� �I�H�P�D�O�H������ �:�H�O�F�K�¶�V�� �W- test performed: ns = not 
significant, error bars represent SEM).  182  

Figure 39: Aged Pkhd1 T37M/T37M  mice display liver fibrosis at 9 - months - old. H&E 
staining of (a)  wildtype and (b)  Pkhd1 T37M/T37M  livers displayed fatty liver (n = 9, 10x 
�P�D�J�Q�L�I�L�F�D�W�L�R�Q���� �V�F�D�O�H�� �E�D�U�� � �� �������� �Ë�P����(c - f) DAB staining of (c, d)  �. - smooth muscle 
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1.1 Autosomal Recessive Polycystic Kidney 

Disease (ARPKD)  is a Multi -Organ Affecting 

Disease  

 
 Autosomal Recessive Polycystic Kidney Disease (ARPKD) is a rare, 

congenital disorder that contributes to patient morbidity and mortality and 

presents with no gender bias  (Bergmann et al. , 2018) . The reported 

incidence rate for the disorder is generally recognised to be around 1 in 

20,000 live births  worldwid e, however,  it is expected that there is a higher 

prevalence of disease in populations where consanguineous marriages are 

practised  (Kääriäinen, 1987; Zerres et al. , 1998; Guay -Woodford and 

Desmond, 2003; Hartung and Guay -Woodford, 2014; Alzarka et al. , 2017).  

In isolated populations in Finland, a reported prevalence of around 1:8,000 

patients was reported (Kääriäinen, 1987) . Nonetheless, more recent 

reports in the United States calculated an incidence rate of 1  in 26,485 live 

births (Alzarka et al. , 2017) . I t is important to note that there is an absence 

of substantial epidemiological data due to variabilities of disease occurrence 

across studies and cohorts , including in the United Kingdom and across 

Europe  and thus, the former statistic is most widely recognised.  

 ARPKD manifests itself with a variety of abnormalities including 

bilateral kidney enlargement, presenting with fluid - filled cysts throughout 

the collecting ducts of the kidney and bile ducts of the liver , 

oligohydramnios , hepatic fibrosis and pulmonary hypoplasia  (Figure 1 )  

1.1 Autosomal Recessive Polycystic Kidney 
Disease (ARPKD) is a Multi-Organ 
Affecting Disease 
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(Alzarka et al. , 2017; Bergmann, 2015) . As well as this, clinical signs of the 

disorder include renal failure, respiratory insufficiency, hypertension and 

portal hypertension with the latter occurring in around 80% of ARPKD 

affected infants (Bergmann et al. , 2005) . Mortality due to pulmonary 

hypoplasia and consequent respiratory insufficiency has also been reported 

in around 30  �± 50% of ARPKD patients (Bergmann, 2018; Roy et al. , 1997; 

Guay -Woodford & Desmond, 2003; Bergmann et al. , 2005) . Nonetheless, 

patients who survive into adulthood still display a reduced life expectancy 

due to  the current lack of pharmacological treatments and rapid 

advancement to end -stage renal disease (ESRD) and/or end -stage liver 

disease (ESLD).  

 At present, mutations in two predominant  genes have been 

associated with ARPKD. This includes Polycystic Kidney and Hepatic Disease 

1 (PKHD1) , accounting for the majority of ARPKD cases, including more 

severe cases , and DAZ Interacting Protein 1 -Like (DZIP1L) , corresponding 

to a smaller group of ARPKD patients presenting with milder forms of 

disease (Bergmann et al. , 2003; Rossetti et al. , 2003; Hertz et al. , 2022; 

Lu et al. , 2017) . Both  PKHD1 and DZIP1L  encode proteins that localise to 

the primary cilium , including to the basal body and centrioles , with 

mutations of either of these or other ciliary proteins resulting in disorders 

�F�R�O�O�H�F�W�L�Y�H�O�\�� �W�H�U�P�H�G�� �µ�&�L�O�L�R�S�D�W�K�L�H�V�¶ (Lu et al. , 2017; Masyuk et al. , 2003; 

Zhang et al. , 2004; Ward, 2003) . 
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Figure 1 : A summary of ARPKD disease manifestations . ARPKD patients present fluid - filled cysts, mainly in the collecting ducts of the 
kidney , with a variable clinical presentation including hepatic and pulmonary disease manifestations.  
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Whilst ARPKD is typically most prevalent in neonates and infants, 

patients in some instances can go on to survive past the perinatal period 

and into adulthood, presenting variable disease characteristics and severity 

(Bergmann et al. , 2018) . With this in mind, research tends to show a slower 

rate of disease progression and overall better prognosis in patients who 

survive the perinatal period (Bergmann et al. , 2005; Guay -Woodford & 

Desmond, 2003) . Furthermore , intrafamilial variation  in disease 

presentation , despite similar genetics , has added further complications to 

accurately dissect the molecular mechanisms involved in ARPKD and 

advance diagnostic and treatment prospects (Bergmann et al. , 2005; 

Deget, Rudnik �æSchöneborn & Zerres, 1995) . Thus , it has been crucial to 

determine factors that may influence disease severity  and dissect the 

�U�H�O�D�W�L�R�Q�V�K�L�S�V�� �E�H�W�Z�H�H�Q�� �L�Q�G�L�Y�L�G�X�D�O�¶�V�� �P�X�W�D�W�L�R�Q�V�� �D�Q�G�� �W�K�H�L�U�� �G�L�V�H�D�V�H��

presentation.   
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1.1.1 ARPKD is a Disease of Variable Clinical  Presentation  

1.1.1.1 Prenatal  Stages  of ARPKD Are Often Characterised by 

the Most Severe Disease Manifestations   

ARPKD is a disease that presents with variable clinical manifestations 

throughout a �S�D�W�L�H�Q�W�¶�V life, with the age of disease onset and typical disease 

presentation  varying between individual patients. The earliest age of 

disease onset can be  detected  prenatally, with routine ultrasound 

examinations during the second trimester usually  being sufficient  in 

predicting  ARPKD (Guay -Woodford et al. , 2014) . In more severe cases, 

magnetic resonance imaging (MRI) may be more useful in detecting disease  

(Guay -Woodford et al. , 2014) .  

 Often, ARPKD is most severe during prenatal development with initial 

disease indicators being enlarged, echogenic kidneys, oligohydramnios and 

poor corticomedullary differentiation ( Figure 2 )  (Guay -Woodford, 2015) . 

In more severe cases, oligohydramnios can lead to further complications, 

collectively known as Potter sequence  (Guay -Woodford, 2015) . Potter 

sequence is characterised by deformities of the face and limbs with foeti  

often presenting clubbed feet and craniofacial abnormalities  (Hafer & 

Conran, 2017) . Significantly, Potter sequence is also characterised by 

pulmonary hypoplasia , the leading cause of death in ARPKD  patients  during 

the perinatal period , with death being reported in around 30  �± 50% of 

affected newborns  (Guay -Woodford & Desmond, 2003; Bergmann et al. , 

2005; Roy et al. , 1997) . 
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Figure 2 : ARPKD disease progression . ARPKD manifestation is typically exhibited during neonatal stages of development, often when 
it is presented as most severe, however, disease presentation is often variable with age.  
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1.1.1.2 Renal Manifestations  of ARPKD Can Result in ESRD  

In ARPKD patients, renal disease is often the most prevalent 

phenotype with bilaterally enlarged, cystic kidneys being a typical hallmark 

in patients  (Figure 2 ) . This phenotype  may be apparent as early as in the 

second trimeste r with renal impairment often resulting  in oligo -  or 

anhydramnios due to decreased foetal urine production  (Mehler et al. , 

2018) . I t is apparent that patients that demonstrate normal amniotic fluid , 

with cystic kidneys present a better renal function outcome after birth and 

with those demonstrating severely impaired renal function at the time of 

birth often affected with a poor prognosis  (Klein et al. , 2021; Burgmaier et 

al. , 2018; Yulia et al. , 2021; Mehler et al. , 2018) . Nonetheless, k idney 

failure is rarely the cause of neonatal death , with patients who survive  the 

first month of life displaying 92 -95% survival rates  by 1 -years -old 

(Bergmann et al. , 2005; Guay -Woodford & Desmond, 2003) . By the time 

patients reach the second decade of life, around 60% of ARPKD patients 

will reach ESRD (Guay -Woodford & Desmond, 2003; Bergmann et al. , 

2005; Guay -Woodford et al. , 2014; Abdul Majeed et al. , 2020; Gunay -

Aygun et al. , 2010a) . In patients presenting a non -perinatal renal 

phenotype, the prognosis appears much improved with a reported 75% 

renal survival rate by 32 -years -old (Gunay -Aygun et al. , 2010a) . 

A typical complication of renal disease is hypertension  that can often 

become severe and difficult to manage  (Figure 2 )  (Guay -Woodford et al. , 

2014; Bergmann et al. , 2005) . Hypertension can develop within the first 
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few months of life , with reports of around 75% of ARPKD patients 

developing hypertension (Bergmann et al. , 2005; Gunay -Aygun et al. , 

2010a) . The pathogenesis of hypertension is not yet well -understood  

however, it is thought that like Autosomal Dominant Polycystic Kidney 

Disease (ADPKD), activation of the renin -angiotensin -aldosterone system 

(RAAS) may play a role (Salih et al. , 2017; Goto et al. , 2010) . There has 

also been some evidence that the hypertension phenotype could be a result 

of dysregulated sodium  channels , with studies suggesting hyponatremia 

can  aggravate hypertension and result in volume overload (Guay -Woodford 

& Desmond, 2003; Deget, Rudnik �æSchöneborn & Zerres, 1995; Rohatgi et 

al. , 2003; Veizis & Cotton, 2005; Zerres et al. , 1996; Guay -Woodford et 

al. , 2014; Liebau, 2021) . Current treatments for ARPKD have targeted 

hypertension through angiotensin converting enzyme inhibitors (ACEI) or 

angiotensin receptor blockers (ARB) with a previous ESCAPE trial 

demonstrating high -dose ACEI treatment slowing down disease progression 

in children with chronic kidney disease (CKD) stages 2 -4 ( ClinicalTrials.gov 

number: NCT00221845 ) (Guay -Woodford et al. , 2014; ESCAPE Trial Group 

et al. , 2009) .  

1.1.1.3 The Invariable Liver Manifestations  of ARPKD  

A common finding of ARPKD is the invariable disease presentation of 

hepato -biliary disease (Gunay �±Aygun et al. , 2013) . Evidence of liver 

disease can be present from birth however , liver complications  can become 

�D�S�S�D�U�H�Q�W�� �W�K�U�R�X�J�K�R�X�W�� �D�Q�\�� �V�W�D�J�H�� �R�I�� �D�� �S�D�W�L�H�Q�W�¶�V�� �O�L�I�H (Figure 2 ) (Turkbey et 
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al. , 2009; Gunay �±Aygun et al. , 2013) . I t is generally perceived that liver 

complications may become more dominant during adulthood , whe n renal 

disease progression tends to slow down  (Guay -Woodford et al. , 2014; 

Turkbey et al. , 2009; Büscher et al. , 2014) . Importantly, both kidney and 

liver manifestations develop independently of each other and patients can 

present predominant disease characteristics in either organ or even require 

a combined kidney - liver transplant for survival  (Chapal et al. , 2012) . 

Liver disease is typically the result of ductal plate malformations 

(DPM), characterised by congenital hepatic fibrosis  (CHF)  with fibrotic liver 

giving rise to complications including portal hypertension (Gunay �±Aygun et 

al. , 2013; Srinath & Shneider, 2012) . Portal hypertension can further 

contribute to complications such as splenomegaly, hypersplenism and 

variceal bleeding , with an overall prevalence of these complications being 

up to around 71% in ARPKD patients (Capisonda et al. , 2003; Luoto et al. , 

2014; Wicher et al. , 2020; Srinath & Shneider, 2012) . In some patients, 

�G�H�Y�H�O�R�S�P�H�Q�W���R�I���&�D�U�R�O�L�¶�V���G�L�V�H�D�V�H���F�D�Q���E�H�F�R�P�H���D�S�S�D�U�H�Q�W�����L�Q�F�U�H�D�V�L�Q�J���W�K�H���U�L�V�N��

�R�I���S�D�W�L�H�Q�W�¶�V��developing cholangitis  and whilst it is not common,  patients can 

also develop cystic liver (Turkbey et al. , 2009; Guay -Woodford & Desmond, 

2003; Gunay -Aygun et al. , 2011) . Importantly,  throughout liver disease 

onset,  liver function may appear preserved resulting in difficult detection 

via biochemical testing  (Guay -Woodford et al. , 2014; Gunay �±Aygun et al. , 

2013) .  
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1.2  The Genetic s of  ARPKD 

 

1.2.1 Polycystic Kidney and Hepatic Disease 1 (PKHD1)  Is T he 

Main Causative Gene of ARPKD  

I n 2002, Polycystic Kidney and Hepatic Disease 1 (PKHD1) was 

identified as the causative gene for ARPKD, located on chromosome 

6p21.1 -p12 (Guay -Woodford et al. , 1995; Zerres et al. , 1998; Onuchic et 

al. , 2002; Ward et al. , 2002).  Since, PKHD1 has been reported in nearly all 

current ARPKD genetic publications with a mutation detection rate of 

around 70 �± 80% in most genetic studies (Onuchic et al. , 2002; Ward et 

al. , 2002; Bergmann et al. , 2003, 2004, 2005; Furu et al. , 2003; Rossetti 

et al. , 2003; Gunay -Aygun, Tuchman, et al. , 2010; Obeidova et al. , 2015; 

Al Alawi et al. , 2019; Burgmaier et al. , 2021; Ishiko et al. , 2022; Richards, 

Wilson and Goggolidou, 2024) .  

PKHD1 expands over 470 kb of the genomic sequence, reportedly 

comprising of at least  86 exons (Onuchic et al. , 2002; Ward et al. , 2002) . 

Both PKHD1 and its mouse orthologue ( Pkhd1)  are assembled in a complex 

manner with an array of splice variants (Onuchic et al. , 2002) . Resultant 

transcriptional products present the most abundant expression on foetal 

and adult kidneys , with  weaker expression in the pancreas and liver 

(Onuchic et al. , 2002) . Importantly, whilst there has been evidence of 

different PKHD1 transcripts, whether these present alternate functions 

remain s unknown (Menezes et al. , 2004; Onuchic et al. , 2002) . 

1.2 The Genetics of ARPKD 
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Nonetheless, t he PKHD1 transcript with the longest continuous open 

reading frame (ORF) consists of a total of 67 exons, encoding a 4,074 amino 

acid protein, Fibrocystin  (Onuchic et al. , 2002) .  

Comparatively, the mouse orthologue, Pkhd1 , spans across 

approximately 500 kb of genomic DNA, sharing around 73% homology with 

the human PKHD1 (Nagasawa et al. , 2002) . Murine expression of Pkhd1  

mimics human expression of PKHD1 in renal and biliary tubular structures , 

with weaker expression also reported in the heart and placenta (Nagasawa 

et al. , 2002) . The gene product of Pkhd1  is around 4,059 amino acids in 

length , with the translational product of Pkhd1  appearing very similar to 

human Fibrocystin  (Zhang et al. , 2004; Nagasawa et al. , 2002) . In mice, 

transcripts varying from around 100 �± 250 kDa have been evident , 

however , Fibrocystin remains the strongest expressed protein product 

(Menezes et al. , 2004; Outeda et al. , 2017; Garcia -Gonzalez et al. , 2007; 

Nagasawa et al. , 2002) . 

1.2.1.1 Fibrocystin , The Protein Product of PKHD1 

The full - length protein product of PKHD1, Fibrocystin , has a molecular 

weight of around 447 kDA and comprises several immunoglobulin - like -

plexin - transcription factor (IPT) domains and parallel beta -helix 1 (PbH1) 

repeats in its extracellular amino terminus; a single transmembrane 

spanning domain; and a short, cytoplasmic carboxyl terminus with potential 

protein kinase A phosphorylation sites  (Figure 3 )  (Onuchic et al. , 2002; 

Ward et al. , 2002; Menezes et al. , 2004) . Expression of Fibrocystin protein  
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Figure 3 : A schematic of Fibrocystin protein structure.  Fibrocystin is  a large protein,  
made up of a long extracellular domain; a single transmembrane spanning domain; and a 
short, cytoplasmic carboxyl terminus with potential protein kinase A phosphorylation sites . 

was initially  detected at  embryonic day 9.5  (E9.5)  during mouse renal 

development , whereby  positive staining was detected  in the epithelium of 

nephronic precursors (Zhang et al. , 2004) . In human adult kidneys, PKHD1 

expression was identified throughout several segments of the nephron 

including cortical and medullary collecting ducts and thick ascending limbs 

of Henle (Menezes et al. , 2004; Zhang et al. , 2004; Outeda et al. , 2017; 

Gallagher et al. , 2008) . Further analysis in  inner medullary collecting duct 

3 (IMCD3)  cells identified protein localisation to the primary cilium as well 

as the apical membrane and cytoplasm (Zhang et al. , 2004; Menezes et 
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al. , 2004; Wang et al. , 2004) . In human embryonic kidney 293 (HEK293) 

cells, Madin -Darby canine kidney (MDCK) and IMCD3 cells, Fibrocystin  

expression was found to be specifically concentrated at the basal body of 

the cilium and sometimes in the ciliary shaft , whilst also co - localising with 

Polycystin -2 (PC-2) (Zhang et al. , 2004; Wang et al. , 2004; Kim et al. , 

2008) . Fibrocystin is most abundantly expressed in the kidneys,  with  

localisation analysis also highligh ting  expression in other organs , including 

in the liver, pancreas, gallbladder  and testis  (Gallagher et al. , 2008; Ward, 

2003) . 

Since the structural characteristics of Fibrocystin  share homology 

with other, well -understood proteins such as hepatocyte growth factor 

(HGF) receptor and plexins, and considering  the ARPKD phenotype patients 

present, it was predicted that Fibrocystin  plays a role in the regulation of 

cell -cell interactions , such as cellular adhesion (Bardelli, Ponzetto & 

Comoglio, 1994; Tamagnone et al. , 1999; Onuchic et al. , 2002) . Later , it 

was identified that Fibrocystin  was a component of the focal adhesion 

complex (FAC) and disruption of this resulted in increased cellular adhesion 

in ARPKD  cells (Israeli et al. , 2010) . M ore recent findings from our group 

also detected increased cell adhesion upon Pkhd1  knockdown in mouse 

IMCD3 cells (Richards et al. , 2019) . Contrary to this, in Pkhd1 -silenced 

IMCD3  cells, decreased cellular adhesion was apparent  (Mai et al. , 2005) . 

However, despite this,  abnormalities in actin cytoskeleton organisation as 

well as disruption in cell -extracellular matrix ( ECM) interactions , cell 

proliferation and cell apoptosis were evident, suggesting disrupted 
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cytoskeletal mechanisms impacting cellular interactions  (Mai et al. , 2005) . 

Furthermore, through defective cellular control of cytoskeletal forces and 

adhesion signalling, loss of Pkhd1  in Pkhd1 -silenced MDCK II cells  resulted 

in the inability of MDCKII cells to form correctly polarised epithelia, further 

�H�O�X�F�L�G�D�W�L�Q�J�� �)�L�E�U�R�F�\�V�W�L�Q�¶�V�� �U�R�O�H�� �L�Q�� �W�K�H�� �F�\�W�R�V�N�H�O�H�W�R�Q�� �D�Q�G�� �F�H�O�O-cell interactions 

(Ziegler et al. , 2020) .  

As mentioned, in ARPKD, abnormal cell behaviours , including 

aberrant cell proliferation and apoptosis,  are evident with some studies 

suggesting that through distinct  signalling pathways, Fibrocystin may play 

a role (Mai et al. , 2005; Sun et al. , 2010) . In Pkhd1 -silenced IMCD3 cells, 

loss of Fibrocystin resulted in increased apoptosis and decreased 

proliferation , presumably potentiated through defective ERK signalling (Mai 

et al. , 2005) . This is further emphasised by another study that highlights 

loss of Fibrocystin in HEK293 cells ha s the same effects on apoptosis and 

proliferation (Mangolini et al. , 2010) . In this study, whilst reduced ERK 

activation was also apparent, activation of NF - �É�%���D�Q�G���X�S�U�H�J�X�O�D�W�L�R�Q���R�I���S������

was evident, highlighting activation of proapoptotic functions upon loss of 

Fibrocystin (Mangolini et al. , 2010) . Interestingly , decreased Fibrocystin 

expression  has also been reported to result  in enhanced cell proliferation , 

with overexpression of Fibrocystin C - tail promoting apoptosis  (Sun et al. , 

2010) . In this study, direct interactions have been established between 

Fibrocystin and Prosaposin, a mediator of cell proliferation and apoptosis 

and thus, it is proposed that  Fibrocystin may regulate cell behaviours  

through this interaction (Sun et al. , 2010) .  
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Importantly, Fibrocystin  has been found to be involved in a common 

molecular pathway with  PC-2, although this relationship remains unclear  

(Zhang et al. , 2004; Wu et al. , 2006; Kim et al. , 2008) . In one study, b oth 

Fibrocystin and PC -2 are reported  to be in the same complex, with a 

kinesin - II motor subunit, KIF3B, behaving as a linker protein (Wu et al. , 

2006) . This complex localises to the basal body of cilia and mediates PC -2 

channel function (Wu et al. , 2006) . In a separate study, evidence from  

Pkhd1 -deficient mice displayed that loss of Fibrocystin reduced PC -2 

expression , with no apparent effect on Pkd2  mRNA expression  (Kim et al. , 

2008) . Likewise , loss of Pkd2  mRNA expression had no impact on Pkhd1 

mRNA expression  or Fibrocystin protein expression (Kim et al. , 2008) . In 

addition, in vitro  investigations from this study highlighted that inhibition 

of Pkhd1  expression also reduced Pkd2 - induced cation channel activity, 

with further in vivo  evidence highlighting a direct interaction between the 

COOH-terminus of Fibrocystin and the NH2 - terminus of PC -2 (Kim et al. , 

2008) . With Fibrocystin appearing to regulate  PC-2 function, it is suggested 

that at least in vivo , Fibrocystin acts immediately upstream of PC -2 (Kim 

et al. , 2008) . Contradictory to this , a separate  study found that PC -2 fails 

to colocalise with Fibrocystin in Pkhd1 �©���� m ice, with no change in PC -2 

protein expression reported in these mice  (Outeda et al. , 2017) . 

Furthermore, removal of the PC -2 binding domain through the deletion of 

exon 67 in these mice resulted in no renal or liver phenotype, suggesting 

that removal of this  domain is not crucial for Fibrocystin function  in vivo  

(Outeda et al. , 2017) .  



17   
 

Nonetheless, Fibrocystin localis es to the cilia  and  evidence has 

highlighted  the importance of Fibrocystin function in correct ciliary 

development . Studies have shown that mutations in Pkhd1  result in 

decreased number of cilia and deformed ciliary structure s (Masyuk et al. , 

2003; Woollard et al. , 2007; Mai et al. , 2005; Kim et al. , 2008) . In the PCK 

rat, reduced Pkhd1  expression resulted in diminished Fibrocystin protein 

expression in cholangiocyte cilia and reduced the length of cilia by 41% 

(Masyuk et al. , 2003) . I n IMCD3 cells, >90% of Pkhd1 -silenced cells failed 

to generate cilia and displayed ciliary shortening (Mai et al. , 2005) . A 

similar phenotype is observed in Pkhd1 del2/del2  mice , where primary cilia 

appeared shorter , with multiple blebs in both the proximal tubules of the 

kidney and biliary tree of the bile ducts (Woollard et al. , 2007) . 

Furthermore , lack of Fibrocystin expression  also  resulted in reduced 

ciliogenesis  in Pkhd1 deficient mice , most prominently in proximal tubules 

in the kidney , and in shorter cilia  (Kim et al. , 2008) . Whilst there is evidence 

to suggest that Fibrocystin plays a role in ciliogenesis, the mechanisms 

behind this are yet to be elucidated , with some models showing Pkhd1  

mutations have  no  impact on cilia formation  (Olson et al. , 2019; Moser et 

al. , 2005) . In Pkhd1 ex40  mice, cholangiocyte cilia appeared normal (Moser 

et al. , 2005) . Similarly , i n Pkhd1 - / - m ouse kidneys , the average ciliary 

length was no different than in wildtype mice , however, this was 

exacerbated in digenic Pkhd1 - / - ; Pkd1 RC/RC mice  where ciliary length was 

evidently longer  when compared to wildtype mice, Pkhd1 - / - mice and 

Pkhd1 RC/RC mice  (Olson et al. , 2019) . Thus, the role of Fibrocystin in cilia 
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may be functionally divergent  upon different mechanisms  and remains to 

be clearly understood . 

Fibrocystin has recently become more evidently implicated in non -

canonical Wnt/ planar cell polarity (PCP) signalling. In the PCK rat, loss of 

oriented cell division, a mechanism regulated by PCP signalling, preceded 

cyst formation  (Fischer et al. , 2006) . Similarly, despite no renal cysts, loss 

of Fibrocystin  in Pkhd1 del4/del4  mice  also resulted in defective oriented cell 

division, suggesting direct correlation between Pkhd1  expression and PCP 

signalling  (Nishio et al. , 2010) . Recent evidence has highlighted that loss 

of Pkhd1 expression  alters mRNA expression of key non -canonical Wnt/PCP 

signalling genes including Wnt5a, Vangl2  and Scribble  in mouse IMCD3 cells 

(Richards et al. , 2019) . This was also evident in human ARPKD samples 

(Richards et al. , 2019) . Despite the existing data, the mechanisms behind 

the relationship between Fibrocystin and non -canonical Wnt/PCP signalling 

remain unknown and further investigations are required to clarify this.   
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1.2.2 DAZ Interacting Protein 1 -Like (DZIP1L)  is a  Recently 

Identified ARPKD -Causing Gene  

Although ARPKD was generally thought to be a homogenous disorder, 

and PKHD1 was defined as the single causative gene, several patients with 

no mutations in PKHD1 were diagnosed with ARPKD . Recently, DAZ 

interacting protein 1 - like  (DZIP1L) has been identified as a second gene 

associated with moderate ARPKD cases  in a small group of patients  (Lu et 

al. , 2017) . DZIP1L , located at 3q22.1 -q23, is considerably smaller than 

PKHD1, spanning around 53 kb of genomic DNA with a total of 16 exons 

(Lu et al. , 2017; Bergmann, 2018) . Localisation studies have highlighted 

DZIP1L  expression  in the kidney, pancreas, brain and respiratory system 

(Lu et al. , 2017) . 

The protein product of this gene, DZIP1L,  comprises 767 amino acids 

and consists  of  a C2H2 - type zinc finger motif and a single  coiled domain , 

located at amino acid s 166 -189 and 205 -406 , respectively  (Figure 4 ) (Lu 

et al. , 2017) . DZIP1L is a  ciliary protein with localisation studies having 

highlighted expression to the transition zone (Lu et al. , 2017) . More 

specifically, DZIP1L expression is localised to the centrioles and distal end 

of the basal bodies, including throughout the cell cycle (Lu et al. , 2017) . 

The protein colocalises with other transition zone proteins,  tectonic 1 

(TCTN1) and septin 2 (SEPT2) , which function as part of the transition zone 

diffusion barrier at the base of the cilium (Hu et al. , 2010; Chih et al. , 2012; 

Lu et al. , 2017) . Some evidence also implicates DZIP1L to function as part  
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Figure 4 : A schematic of DZIP1L protein structure. DZIP1L is made up of a C2H2 -
type zinc finger motif and a single coiled domain . 

of the Ciliogenesis and Planar Cell Polarity Effector (CPLANE) transition zone 

complex, although exact mechanisms  remain elusive  (Lu et al. , 2017) . 

Interestingly, loss of DZIP1L  has a subsequent effect on the localisation of 

Polycystin -1 (PC-1) and PC -2, the protein products of causative genes for 

ADPKD, however, it is not known whether this effect contributes to the PKD 

phenotype in Dzip1l  mutant mice  (Lu et al. , 2017) .  

 Recent evidence in Caenorhabditis elegans (C. elegans)  suggests that 

DZIP1L  localise s to transition fibr es of the cilium  instead of the adjacent 

transition zone , with strong association with other transition fibre proteins 

in C. elegans cilia, including ANKR -26 and DYF -19  (Chen et al. , 2024) . This 

was further validated by studies in human retinal pigment epithelium (RPE) 

cells , where DZIP1L was expressed below CEP290, a transition zone 

component, and closer to transition fibre marker s CEP164 and ANKRD26  

(Ahmed et al. , 2024; Chen et al. , 2024) . Interestingly, i n IMCD3 cells, 
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DZIP1L expression was  also  found to colocalise with CEP164 , with similar 

observations previously being made in in vivo  experiments (Lu et al. , 2017; 

Carden et al. , 2023; Chen et al. , 2024; Wang et al. , 2013) . Nonetheless, 

another recent study highlighted that in HAP1  cells, DZIP1 localisation was 

dependent on CEP83, a nother  transition fibre protein  (Chen et al. , 2024; 

Carden et al. , 2023; Ahmed et al. , 2024) . Overall , these studies suggest 

that DZIP1L may not exclusively localise to the transition zone .  

 Nonetheless, some evidence  suggest s that DZIP1L is associated with 

ciliary defects  in a tissue -specific manner  (Lu et al. , 2017) . Whilst in human 

fibroblasts, cilia numbers remain unaffected  upon loss of DZIP1L , in 

Dzip1l wpy/wpy  mouse embryonic fibroblasts, a significant decrease in the 

number of ciliated cells was  apparent  (Lu et al. , 2017) . Comparatively, in 

C. elegans, dzip -1 null cilia revealed partial loss of distal segments in cilia 

(Chen et al. , 2024) . Interestingly, in this study , DZIP -1 and ANKR -26, a 

transition fibre protein, were found to genetically interact ,  with  dzip -1 and 

ankr -26  double mutants displaying an exacerbat ed phenotype , revealing 

complete loss of distal segments and partial loss of middle segments in cilia 

(Chen et al. , 2024) .  Thus, mutations in DZIP1L  may give rise to ciliary 

defects, either independently or through other  genetic modifiers, however, 

potential mechanisms remain elusive.  
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1.3 The Complex Genotype -Phenotype Relationship  in ARPKD  

 

 

ARPKD disease progression  can vary considerably between patients , 

with disease onset being possible perinatally until adulthood , and patients 

exhibiting severe or mild renal and/ or hepatic phenotypes (Bergmann et 

al. , 2005; Bergmann, 2018; Guay -Woodford et al. , 2014; Guay -Woodford 

& Desmond, 2003; Gunay �±Aygun et al. , 2013; Chapal et al. , 2012) . There 

have been many  efforts to try and dissect the mechanisms involved, 

however, this has often remained complicated, with mutation studies 

demonstrating a complex relationship between genetic and phenotypic 

disease presentations  (Gunay -Aygun et al. , 2010b; Guay -Woodford & 

Desmond, 2003; Richards, Wilson & Goggolidou, 2024; Deget, Rudnik �æ

Schöneborn & Zerres, 1995; Al Alawi et al. , 2019; Bergmann et al. , 2005) . 

Thus , it has been crucial to determine factors that may influence disease 

severity such as specific mutations, modifier genes or  other factors that 

may determine the prognosis of ARPKD in patients.  

  

1.3 The Complex Genotype-Phenotype 
Relationship in ARPKD 
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1. 3.1  Mutations in PKHD1 and ARPKD Manifestations  

 Mutations in PKHD1 account for the majority of ARPKD cases and 

typically result in  a more severe disease phenotype (Bergmann et al. , 2005; 

Al Alawi et al. , 2019; Bergmann et al. , 2003; Guay -Woodford & Desmond, 

2003) . To date, over 700 different mutations  in  PKHD1 have been reported 

in the human ARPKD/ PKHD1 mutation database 

[ http://www.humgen.rwth -aachen.de/ ] , with reports of mutations 

spanning the entire PKHD1 gene  rather than in specific mutational hot -

spots  (Obeidova et al. , 2015; Richards, Wilson and Goggolidou, 2024) . 

Overall , patients with mutations in PKHD1 present  a variable degree of 

clinical severity, suggesting some complex mechanisms behind the disease 

presentation.  

A growing body of evidence has highlighted that intrafamilial 

variability is  a common issue in ARPKD and is accounted for in around 20% 

of ARPKD families (Bergmann et al. , 2005; Deget, Rudnik �æSchöneborn & 

Zerres, 1995; Bergmann et al. , 2003; Kaplan et al. , 1988) . In these 

cohorts, patients of the same family present variable clinical courses in their 

renal and extra - renal manifestations, including the age of demise (Ajiri et 

al. , 2022; Deget, Rudnik �æSchöneborn & Zerres, 1995; Bergmann et al. , 

2003, 2005) . In some families , it has been observed that perinatal death is 

more common in the first -born affected child (Bergmann et al. , 2005) .  

The general consensus in some studies is that the type of mutation 

patients carry affects the course of disease. Of the  reported mutations in 

http://www.humgen.rwth-aachen.de/
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the ARPKD/ PKHD1 mutation database , around 45% of mutations are 

reported as missense mutations , causing partial or complete alteration of 

Fibrocystin function (Bergmann et al. , 2005; Al Alawi et al. , 2019) . 

Interestingly, patients with at least one missense mutation appear to 

present a less severe disease phenotype , with evidence in different cohorts 

suggesting at least one missense mutation being  necessary to survive the 

neonatal period  (Bergmann et al. , 2005; Furu et al. , 2003; Bergmann et 

al. , 2003, 2004) . In some instances, patients carrying a missense mutation 

heterozygously , together with other truncating or missense mutations , 

appear to present a more moderate/severe disease phenotype, further 

complicating our understanding of  the genotype -phenotype relationship  

(Bergmann et al. , 2005; Al Alawi et al. , 2019; Bergmann et al. , 2003) . More 

recent investigations  have highlighted that the phenotypic presentation of 

disease can vary considerably according to the type and position of 

missense mutatio n (Furu et al. , 2003; Bergmann et al. , 2005; Burgmaier 

et al. , 2021; Richards, Wilson and Goggolidou, 2024) . Nonetheless,  

patients carrying two truncating mutations have been reported to typically 

present the most severe phenotype s, with several reports highlighting 

perinatal demise in all reported cases (Bergmann et al. , 2003, 2005; 

Rossetti et al. , 2003; Furu et al. , 2003; Bergmann et al. , 2004) .  

1.3.1.1 c.107 C > T (p.Thr36Met (T36M ))  

Attempts have been made at trying to categorise disease phenotypes 

based on the types of mutations patients carry  however , this has remained  
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Figure 5 : A s chematic representation of the localisation of the c.107 C > T 
(p.Thr36Met (T36M))  mutation in Pkhd1. The T36M mutation is a missense mutation 
in exon 3 that results in a truncated protein. It is the most commonly reported mutation 
in Pkhd1 and typically results in the most severe ARPKD disease presentation.  

complex. The c.107 C > T (p.Thr36Met ( T36M )) mutation in exon 3 is a 

missense  mutation, resulting in a truncated protein, likely due to an 

alter native start codon  that is predicted to be stronger than the native start 

codon ( Figure 5 )  (Furu et al. , 2003; Bergmann et al. , 2003; Obeidova et 

al. , 2015; Bergmann et al. , 2005) . Interestingly, this mutation is the most 

commonly occurring mutation in PKHD1, reported in all PKHD1 mutation 

studies so far and accounting  for around 15 �± 20% of mutated alleles 

(Onuchic et al. , 2002; Ward et al. , 2002; Bergmann et al. , 2003, 2004, 

2005; Furu et al. , 2003; Rossetti et al. , 2003; Gunay -Aygun, Tuchman, et 

al. , 2010; Al Alawi et al. , 2019; Richards, Wilson and Goggolidou, 2024) . 

Some studies have suggested that the T36M mutation could potentially be  

a founder mutation due to its prevalence in European populations , 

suggesting a common ancestral origin (Bergmann et al. , 2005, 2003; 
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Rossetti et al. , 2003) . However , more recent studies report this mutation 

in  several unrelated families  and  in separate cohorts , suggesting that the 

mutation likely represents a potential mutational hotspot  (Al Alawi et al. , 

2019; Furu et al. , 2003; Bergmann et al. , 2003, 2005; Obeidova et al. , 

2015) .  

The T36M mutation, inherited heterozygously or homozygously , 

represents the most severe forms of ARPKD  (Furu et al. , 2003; Bergmann 

et al. , 2005, 2004, 2003; Al Alawi et al. , 2019; Obeidova et al. , 2015; 

Rossetti et al. , 2003; Gunay -Aygun et al. , 2010b) . In a recent study in an 

Omani population, the T36M mutation accounted for 75% (24/32) of the 

families included in the study, with patients inheriting a homozygous T36M 

mutation presenting an earlier age of disease onset and increased disease 

severity  (Al Alawi et al. , 2019) . This included 33% (6/18) of patients with 

homozygous inheritance reaching death before 1 -years -old and the 

remaining 67% (12/18) presenting early childhood ARPKD, leading to ESRD 

(Al Alawi et al. , 2019) . Similar observations were made in a group of 

patients of Czech origin where 3 of 4 patients who died shortly after birth 

presented a combination of the T36M mutation alongside another 

truncating mutation (Obeidova et al. , 2015) . Interestingly, few reports 

have highlighted that a combination of the T36M mutation  with some 

missense mutations  (e.g. T36M/C2422G, T36M/I222V, T36M/V4371G)  

results in a moderate or milder phenotype,  with some studies also 

highlighting intrafamilial variability in patients harbouring the T36M 
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mutation in a homozygous state (Bergmann et al. , 2003; Furu et al. , 2003; 

Bergmann et al. , 2005) . 

Overall, significant advancements have been made with researchers 

highlighting specific recurrent mutations that could potentially be screened 

for and be used to predict the clinical course of disease. Still, this data 

highlights the complex genotype -pheno type relationship in ARPKD, 

particularly with relation to mutations in PKHD1. Whilst researchers have 

tried to categorically simplify disease phenotypes through mutational 

studies, this remains complicated, highlighting the need for larger, long -

term popul ation studies and the use of next -generation sequencing for 

molecular diagnosis. Together, this could significantly advance our 

understanding of ARPKD and facilitate long - term diagnostic and treatment 

prospects.  
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1. 3. 2 Mutations in DZIP1L  and ARPKD Manifestations  

The first cases of DZIP1L  mutations were reported in 2017 with 

researchers identifying 7 patients from 4 consanguineous families 

harbouring mutations in this gene (Lu et al. , 2017) . Later, a further 4 

patients from 3 families were identified (Hertz et al. , 2022) . Of these, only 

one patient reported a liver phenotype presenting as hepatosplenomegaly, 

with the mutation typically being associated with only a renal phenotype 

(Lu et al. , 2017; Hertz et al. , 2022) . Still, the renal phenotype is apparently 

mild with most patients presenting slightly reduced kidney function during 

early childhood  and only two patients reaching ESRD before 18 -years -old 

(Lu et al. , 2017; Hertz et al. , 2022) .  

Thus far, only 6 different mutations have been reported in the 11 

identified patients that carry mutations in DZIP1L  and of these, 4 mutations 

are missense mutations, 1 is described as a nonsense mutation and 1 is a 

frameshift mutation (Hertz et al. , 2022; Lu et al. , 2017) . Interestingly, 5 of 

6 mutations are reported in exon 2 with the latter frameshift mutation being 

reported in exon 7 , highlighting potential sensitivity in exon 2 to mutations 

in DZIP1L  (Hertz et al. , 2022; Lu et al. , 2017) . Overall, whilst mutations in 

DZIP1L  are often milder and less frequent  than in PKHD1, these studies 

significantly advance our current knowledge of ARPKD and highlight novel 

potential for targeted gene therapy .  

  



29   
 

1. 3.3  Genetic Modifiers in ARPKD  

Bringing together what is currently known about ARPKD, it is 

recognised  that the disease is a heterogenous disorder, with several 

reported mutations in both PKHD1 and DZIP1L  being considered as 

pathogenic  in patients. From the previously discussed literature, it is 

evident that the type of mutation patients inherit  can  influence  the clinical 

presentation of disease. However, recent in vitro  and in vivo  studies have 

also highlighted a potential role for genetic modifiers in producing this effect 

in patients and thus, some researchers have tried to identify potential 

genes that may play this  disease  modifying  role.  

1.3.3.1 PKD1 

 PKD1 is the known causative gene for ADPKD and encodes ciliary 

protein, Polycystin -1 (PC-1)  (Nobakht et al. , 2020) . Importantly, mutations 

in PKD1 account for around 85% of all ADPKD cases, with patients typically 

presenting an adult onset, renal cystic phenotype ; only a small group of 

patients (around 2 �± 5%) can manifest ADPKD symptoms during childhood  

and sometimes mask itself as ARPKD  (Nobakht et al. , 2020; Bergmann et 

al. , 2018) . Like Fibrocystin, PC -1 localises to the plasma membrane of the 

primary cilium with reported functions  in cellular adhesion, signal 

transduction and ion channel activity (Maser, Calvet & Parnell, 2022) .  

 Interestingly, there has been some evidence to suggest that mice 

harbouring Pkd1  mutations in conjunction with Pkhd1  mutations develop a 
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severe renal cystic phenotype, resembling ARPKD (Garcia -Gonzalez et al. , 

2007; Olson et al. , 2019; Richards, Wilson and Goggolidou, 2024) . In 

Pkhd1 del3 -4/del3 -4 mice , evidence of a progressive renal cystic phenotype was 

apparent, together with DPM including biliary abnormalities and fibrosis and 

other extra - renal manifestations (Garcia -Gonzalez et al. , 2007) . 

Comparatively, in Pkhd1 del3 -4/del3 -4; Pkd1 +/ - mice, the phenotype exhibited 

was evidently more severe across the kidney, liver and pancreas ; presented  

a much earlier onset than in Pkhd1 del3 -4/del3 -4 mice ; and resulted in death by 

9-months -old  (Garcia -Gonzalez et al. , 2007) . In a separate study, reduced 

expression of PC -1 in Pkhd1 del4/del4 ; Pkd1 +/ - mice similarly aggravated the 

liver phenotype, yet overexpression of PC -1 did not rescue the phenotype, 

suggesting independent Pkhd1  functions  (Fedeles et al. , 2011) . 

Nonetheless, one s tudy highlighted a synergistic relationship between 

Pkhd1  and Pkd1 , relative to the ARPKD phenotype in murine models (Olson 

et al. , 2019) . In this study, Pkhd1 - / - mice present renal tubular dilation that 

develop at 6 -months -old  with Pkd1 RC/RC mice  presenting a progressive, 

renal cystic phenotype (Olson et al. , 2019) . When combined, Pkhd1 - / -; 

Pkd1 RC/RC mice presented an overall more severe renal cystic disease by P0, 

as well as biliary dysgenesis and early lethality, a finding that was replicated 

when tested in Pkhd1 - / -; Pkd1 +/ - rats (Olson et al. , 2019) . This study further 

validated no intracellular interaction between Fibrocystin and PC -1 or PC -2 

(Olson et al. , 2019; Garcia -Gonzalez et al. , 2007; Fedeles et al. , 2011) . 

More recently, whole exome sequencing in an ARPKD cohort  identified a 



31   
 

potential pathogenic variant in PKD1, suggesting a possible role for PKD1 

as a genetic modifier in ARPKD (Richards, Wilson & Goggolidou, 2024) .  

Notably, it has been questioned whether PKHD1 and PKD1 act 

downstream of each other. Previous work found that Pkhd1 lacZ/lacZ  mice 

presented  reduced Pkd1  and Pkd2  expression , providing evidence that in 

the proposed PKD transcriptional network, Pkd1  may act downstream of 

Pkhd1  (Williams et al. , 2008; Gresh et al. , 2004) . However, this was not 

evident in other  studies where Pkd1  and Pkd2  expression remained 

constant between different models of disease , suggesting an independent 

functional pathway for the two  (Garcia -Gonzalez et al. , 2007) . Thus, further 

work is required to elucidate these mechanisms.  

1.3.3.2 PKD2 

 PKD2 is a second gene associated with ADPKD, known to cause 

around 15% of total ARPKD cases (Nobakht et al. , 2020) . Importantly, 

PKD2 encodes Polycystin -2 (PC-2), which localises in a complex with PC -1 

in the cilia , and functions as a receptor -dependent calcium (Ca 2+ ) channel 

(Kim et al. , 2008; Nobakht et al. , 2020) . Furthermore, Fibrocystin has been 

shown to co - localise and functionally interact with PC -2, and act in a 

common molecular pathway (Kim et al. , 2008; Zhang et al. , 2004) . 

 To dissect the relationship between Fibrocystin and PC -2, mice of 

different genotypes were intercrossed to form Pkhd1 �H�����*�)�3�©����/ �H�����*�)�3�©����; 

Pkd2 +/ - digenic mice , which revealed  reduced PC -2 expression and an 

exaggerated cystic phenotype when compared to Pkd2 +/ - mice  (Kim et al. , 
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2008) . Similar findings were observed in Pkhd1 �H�����*�)�3�©����/ �H�����*�)�3�©���� mice  during 

embryonic development and at 1 -month -old when compared to wildtype 

mice, with further altered PC -2 cation channel function in vitro , 

demonstrating  that PC -2 acts downstream of Fibrocystin  (Kim et al. , 2008) .   

1.3.3.3 HNF-1�Ã 

HNF-1�Ã is a transcription factor protein with roles in embryogenesis 

and organogenesis of the kidney, liver, lung and pancreas (Ferrè & Igarashi, 

2019) . In the kidney, HNF-1�Ã is crucial for the development of the renal 

collecting system, with expression in mature kidneys, together with other 

transcription factors, being capable of reprogramming fibroblasts into renal 

tubular epithelial cells (Kaminski et al. , 2016; Ferrè & Igarashi, 2019) . 

Mutations in HNF-1�Ã have been associated with maturity -onset diabetes of 

the young type 5 (MODY5) and renal cystic abnormalities, representing the 

most common cause of hyperechogenic kidneys in foetuses (Decramer et 

al. , 2007; Ferrè & Igarashi, 2019; Bergmann, 2015) . Importantly,  HNF-1�Ã 

is a regulator of key cystic kidney disease related genes including  PKHD1, 

PKD2,  GLIS2  and  UMOD (Gresh et al. , 2004; Attanasio et al. , 2007; Ferrè 

& Igarashi, 2019; Bergmann, 2015) . 

In ARPKD kidneys, Hnf -1�Ã was found to directly activate the Pkhd1  

promoter and regulate Pkhd1  expression, with mutations in Hnf -1�Ã 

resulting in the inhibition of Pkhd1  expression in vivo (Hiesberger et al. , 

2004, 2005) . In these studies, mice carrying mutations in Hnf -1�Ã presented 

a renal cystic phenotype and increased cell proliferation (Hiesberger et al. , 
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2005, 2004) . Similarly, inactivation of Hnf -1�Ã in mouse livers resulted in 

an ARPKD - like phenotype, such as the presence of DPM and bile duct 

abnormalities, suggesting a potential role for Hnf -1�Ã that is likely through 

the inhibition of Pkhd1  (Coffinier et al. , 2002) . Since the reported mutation 

detection rate for PKHD1 mutations is around 70 �± 80%, one study looked 

at other potential genes that could be implicated and highlighted that 3/8 

patients without a PKHD1 mutation, carried a mutation in HNF-1�Ã (Szabó 

et al. , 2018) . The remaining patients carried mutations in PKD1, NPHP1, 

TMEM67 and PKD1/TSC2 , overall highlighting these genes as PKD 

phenocopies and emphasising the need to screen for additional variations 

in ARPKD  (Szabó et al. , 2018) . 

1.3.3.4 ATMIN  

 ATMIN , which encodes an 88 kDa protein, plays a role as a DNA 

damage response  protein and as a transcription factor (Jurado et al. , 2010) . 

In brief, ATMIN  regulates the expression of DYNLL1, a dynein light chain 

encoding gene, through a negative feedback loop, and this mechanism is 

necessary for correct kidney and lung organogenesis (Jurado et al. , 2010; 

Goggolidou et al. , 2014a, 2014b) .  

In relation to ARPKD, although Atmin does not directly bind to 

�)�L�E�U�R�F�\�V�W�L�Q�¶�V�� �&- terminus, modulation of Atmin  altered the expression of 

Pkhd1  in mouse IMCD3 cells, as well as directly impacted the mRNA 

expression of key Wnt signalling genes, Wnt5a  and Vangl2  (Richards et al. , 

2019) ���� �,�P�S�R�U�W�D�Q�W�O�\���� �:�Q�W�� �V�L�J�Q�D�O�O�L�Q�J�� �K�D�V�� �E�H�H�Q�� �L�P�S�O�L�F�D�W�H�G�� �L�Q�� �$�5�3�.�'�¶�V��
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molecular mechanisms, with researchers recently targeting this pathway 

for novel developments in ARPKD therapy (Li et al. , 2018; Kim et al. , 2008; 

Fischer et al. , 2006; Patel et al. , 2008; Richards et al. , 2019; Tao et al. , 

2015) . Nonetheless, modulation of Atmin  also resulted in altered cellular 

proliferation and apoptosis, key cellular mechanisms that are also disrupted 

in ARPKD (Richards et al. , 2019; Israeli et al. , 2010; Mai et al. , 2005; 

Mangolini et al. , 2010; Ziegler et al. , 2020) . In in vivo studies, 

Atmin Gpg6/Gpg6  mice displayed a phenotype similar to ARPKD, with 

abnormalities presenting  in the kidney, liver and lung such as  kidney and 

lung hypoplasia, branching morphogenesis defects, modulation of Wnt 

signalling and defects in the cytoskeleton (Richards et al. , 2019; 

Goggolidou et al. , 2014a) . Interestingly, in human ARPKD kidneys, 

significant increases could also be seen in ATMIN  mRNA expression when 

compared to normal, age -matched paediatric kidneys (Richards et al. , 

2019) .  

Overall, there has been a growing body of evidence that highlights 

the potential of modifier genes that may alter ARPKD severity, if inherited 

alongside mutations in founder genes. In trying to advance ARPKD 

research, including diagnosis and treatment, the se must be considered.  It 

is also important to recognise that there are similar renal cystic disorders 

(e.g. nephronophthisis (NPHP)) that may aid our understanding of ARPKD 

through their overlap in disease presentation and gene network/function.   
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1. 4 ARPKD as a Ciliopathy  

�µ�&�L�O�L�R�S�D�W�K�L�H�V�¶���G�H�Q�R�W�H�V���D���J�U�R�X�S���R�I���J�H�Q�H�W�L�F���G�L�V�R�U�G�H�U�V���L�Q���Z�K�L�F�K���G�H�I�H�F�W�L�Y�H��

ciliary genes result in aberrant cilia structure or function (Modarage, Malik 

& Goggolidou, 2022) . To date, over 180 genes have been implicated in 35 

established ciliopathies affecting a range of organs , including renal 

ciliopathies ADPKD and ARPKD  (Reiter & Leroux, 2017) . In ARPKD, both 

PKHD1 and DZIP1L �¶�V protein products localise specifically to the primary 

cilium  (Figure 6 )  (Menezes et al. , 2004; Lu et al. , 2017) . Primary cilia are 

small organelles that protrude from the apical membranes of most tubular 

�H�S�L�W�K�H�O�L�D�O���F�H�O�O�V���D�Q�G���Y�D�U�\���L�Q���O�H�Q�J�W�K���I�U�R�P���D�U�R�X�Q�G�������Ë�P���W�R���D�U�R�X�Q�G�������Ë�P��(Pazour 

et al. , 2000; Park, 2018) . Whilst it is commonly understood that primary 

cilia play a mechano -  and chemosensory role, the primary cilia have also 

been implicated in  cellular signalling and differentiation (Djenoune et al. , 

2023) . Several studies have additionally demonstrated the relationship 

between the structure and function of the primary cilium and cytokine 

response, renal injury and repair and oxidative stress (Park, 2018; Wann 

& Knight, 2012; Verghese et al. , 2011; Han et al. , 2017) .  

  

1.4 ARPKD as a Ciliopathy  
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1. 4.1  Cilia Structure and Formation  

 The formation of cilia begins at the G0 or G1 phases of the cell cycle, 

with initial formation beginning with the extension of the axoneme from the 

centrosome at the cell surface , anchored to the cell by the basal body  (Patel 

& Tsiokas, 2021; Conkar & Firat �æKaralar, 2021) . In primary cilia, the 

�D�[�R�Q�H�P�H�� �W�\�S�L�F�D�O�O�\�� �H�[�K�L�E�L�W�� �Z�K�D�W�� �L�V�� �G�H�V�F�U�L�E�H�G�� �D�V�� �D�� �µ�������¶�� �P�L�F�U�R�W�X�E�X�O�H��

arrangement , with 9 microtubule doublets forming a circular pattern around 

the outer circle of the cilia  (Figure 6 )  (Conkar & Firat �æKaralar, 2021) . 

Comparatively, motile cilia comprise of an additional central pair of 

�P�L�F�U�R�W�X�E�X�O�H�V���� �G�H�V�F�U�L�E�H�G�� �D�V�� �D�� �µ�������¶�� �P�L�F�U�R�W�X�E�X�O�H�� �D�U�U�D�Q�J�H�P�H�Q�W���� �D�V�� �Z�H�O�O�� �D�V��

additional motor and accessory proteins, enabling motile cilia to carry out 

its functions  (Figure 6 )  (Conkar & Firat �æKaralar, 2021) . At the base of the 

cilium lies the basal body , with  the ciliary gate, composed of the transition 

fibres and the transition zone, lying between the axoneme and the basal 

body and functioning as a diffusion barrier for the cilium  (Figure 6 )  (Patel 

& Tsiokas, 2021) .  

 The transition fibres , or distal appendages,  appear as a total of 9 and 

surround the distal end of mature basal bodies , defining the separation  

point  of the plasma and ciliary membrane  (Gibbons & Grimstone, 1960; 

Anderson, 1972) . To date, several transition fibre proteins have been 

identified  including ANKRD26, C2CD3, CEP19, CEP83, CEP89, CEP90, 

CEP164, FBF1, OFD1 and SCLT1 , each with  an  important  role in enabling 
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Figure 6 : A schematic of the structure of the primary cilium.  The primary cilium is made up of the axoneme, consisting of 9 
microtubule double t s;  Y-shaped linkers  forming the transition zone , attaching the proximal end of the axoneme to the ciliary membrane; 
transition fibres surrounding the basal body, defining the separation point of the plasma and ciliary membrane, and the basal  body, lying 
at the base of the cilium. IFT transport is involve d in the bidirectional movement of cargo along the axoneme via motor transport proteins, 
kinesin II and cytoplasmic dynein II. ARPKD proteins Fibrocystin (FPC) and DZIP1L l ocalise to the basal body, with FPC also localising to 
the ciliary membrane. The right -hand panel s depict  a cross -section view  of the motile  cilium, �P�D�G�H���X�S���R�I���D���µ�������¶���D�[�R�Q�H�P�H���I�R�U�P�D�W�L�R�Q���D�Q�G��
additional motor and accessory proteins , and primary cilium , �P�D�G�H���X�S���R�I���D���µ�������¶���D�[�R�Q�H�P�H���I�R�U�P�D�W�L�R�Q. 
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the transition fibres to carry out its functions as a docking site for 

intraflagellar transport (IFT)  particles and ciliogenesis (Graser et al. , 2007; 

Sillibourne et al. , 2011; Joo et al. , 2013; Schmidt et al. , 2012; Ye et al. , 

2014; Tanos et al. , 2013; Bowler et al. , 2019; Kumar et al. , 2021) .  

In the proximal region of the cilium lies the transition zone  (Figure 

6 ) . The transition zone is a structure characterised by Y -shaped linkers that 

connects the microtubule pairs to the ciliary membrane at the base of the 

cilium  (Figure 6 )  (Anderson, 1972; Garcia -Gonzalo & Reiter, 2017) .  A 

number of transition zone proteins have been established , which have 

further been categorised into two distinct complexes  based on their 

interactions . The NPHP complex is made up of NPHP1, NPHP4 and RPGRIP1L  

(Arts et al. , 2007; Garcia -Gonzalo & Reiter, 2017; Mollet et al. , 2005) . The 

second complex, the Meckel (MKS) complex is made up of three tectonic 

proteins (TCTN1, TCTN2 and TCTN3), three B9 domain proteins (MKS1, 

B9D1 and B9D2), the coiled -coil proteins (CC2D2A and CEP290), 

transmembrane proteins (TMEM67, TMEM216, TMEM17, TM EM231 and 

TMEM107) and AHI1 (Reiter, Blacque & Leroux, 2012; Garcia -Gonzalo et al. , 

2011; Sang et al. , 2011; Garcia -Gonzalo & Reiter, 2017; Chih et al. , 2012) . 

Overall, these proteins enable the transition zone to carry out its functions  

as a ciliary gate, enabling transport of proteins in and out of the cilia 

through pore - like structures  (Garcia -Gonzalo & Reiter, 2017; Garcia -

Gonzalo et al. , 2011; Reiter, Blacque & Leroux, 2012; Sang et al. , 2011) . 
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Intraflagellar transport (IFT)  is a pivotal transport system recognised 

in primary cilia that is involved in the bidirectional movement of proteins 

along the axonemal microtubules , enabling ciliogenesis and cilia 

maintenance  (Figure 6 )  (Li et al. , 2020) . Movement of particles is 

dependent on two molecular motor proteins, namely heterotrimeric kinesin 

II, which further contains two motor subunits, KIF3a and KIF3 b, and 

cytoplasmic dynein 2  (Figure 6 )  (Li et al. , 2020; Scholey, 2013, 2003; 

Rosenbaum & Witman, 2002) . In summary, when IFT proteins and cargo 

accumulate at the base of the cilium through the action of the transition 

fibres and the transition zone, anterograde  kinesin II motor proteins 

transport cargo from the base of the cilium to the tip  (Scholey, 2003; 

Rosenbaum & Witman, 2002) . After inactivation of the anterograde motors 

and cargo unloading in the growing tip, the retrograde dynein motor 

becomes activated  (Rosenbaum & Witman, 2002; Scholey, 2003) . Using 

cytoplasmic dynein 2, the retrograde IFT machinery is assembled, and 

cargo is delivered from the tip of the cilium to the basal body  (Rosenbaum 

& Witman, 2002; Scholey, 2003; Li et al. , 2020) . The BBSome is a complex 

of Bardet -Biedl syndrome (BBS) proteins which play a role, alongside IFT, 

in the transport of proteins  along the length of the cilium  (Figure 6 )  (Wei 

et al. , 2012) .  
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1. 4.2  Function  of Primary Cilia  

 The primary cilium  is often described as a sensory organelle, with the 

ability to respond to a number of external stimuli, including through 

chemical and mechanical stimulation  (Gopalakrishnan et al. , 2023) . 

Through this , the primary cilium can evoke  specialised downstream 

responses in different organs (Basten & Giles, 2013) . For example, i n the 

kidney, cilia project from the luminal surface  of renal tubules and respond 

to mechanical stimulation as they detect  fluid flo w (Basten & Giles, 2013; 

Kong et al. , 2023; Gopalakrishnan et al. , 2023) . In response  to the fluid 

flow , cilia bending triggers an increase in intracellular  Ca2+  concentration , 

described as dependent on the ADPKD protein, PC -2 and a sequential 

downstream Ca 2+  signalling response  (Praetorius, 2015; Praetorius & 

Spring, 2001; Jin et al. , 2014) . Through these external stimuli, cilia are 

able to generate a range of signalling responses, enabling regulation of 

several key biological processes including cell polarity, differentiation, 

transcription and morphology (Oh & Katsanis, 2012; Basten & Giles, 2013) . 
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1. 4.3  Primary Cilia Dysfunction and Renal Disease  

Defects in the primary cilium, due to mutations in ciliary genes 

required for correct ciliary formation and function, are associated with 

several disorders, collectively termed ciliopathies. Ciliopathic disorders in 

the kidney include ADPKD , ARPKD, NPHP, BBS, MKS and Joubert Syndrome 

(JBTS) (McConnachie, Stow & Mallett, 2021) . As previously mentioned , 

Fibrocystin, and ADPKD -associated proteins PC -1 and PC -2 localise to the 

ciliary membrane with further expression of ARPKD proteins Fibrocystin and 

DZIP1L being localised to the basal body and transition zone, respectively 

(Figure 6 )  (Chapin, Rajendran & Caplan, 2010) . Whilst defective ciliary 

genes can be  associated with specific renal disease s, it is apparent that 

these are not exclusive and some  interactions or connections have been 

made between  defective ciliary genes of different  renal disorders  

(McConnachie, Stow & Mallett, 2021) . 
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1. 5 Dysregulated Molecular Pathways in ARPKD  

 

 

Despite current efforts  into dissecting the molecular mechanisms 

involved in ARPKD, these remain elusive. Thus far, various signalling 

pathways have been studied , with evidence displaying dysregulation of 

these  pathways  contributing to the �D�E�H�U�U�D�Q�W���F�K�D�Q�J�H�V���R�E�V�H�U�Y�H�G���L�Q���$�5�3�.�'�¶�V��

cellular functions. For now, evidence in ARPKD displays changes in cellular 

processes including, but not limited to, cellular proliferation, apoptosis, 

adhesion, cytoskeleton , PCP and fluid secretion  (Torres et al. , 2003; Du & 

Wilson, 1995; Hanaoka & Guggino, 2000; Mai et al. , 2005; Israeli et al. , 

2010; Sun et al. , 2010; Lee & Somlo, 2014; Richards et al. , 2019) . Notably, 

key similarities have been observed between the molecular basis and 

disease presentation of ADPKD and ARPKD, including localisation, function 

and potential interactions between causative genes and protein products  

(Chapin, Rajendran & Caplan, 2010; Kim et al. , 2008; Lu et al. , 2017; 

Hanaoka & Guggino, 2000; Olson et al. , 2019; Garcia -Gonzalez et al. , 

2007) . Thus, focus has been placed on key  molecular  pathways related to 

these  overall  functions .   

1.5 Dysregulated Molecular Pathways in 
ARPKD 
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1. 5.1 Cyclic AMP (cAMP) Signalling  

 Cyclic AMP (cAMP) signalling is one of the most extensively studied 

and important pathways in PKD with key roles in  intracellular signalling and  

cellular functions, including cell growth and differentiation  (Zhou & Torres, 

2022) . Notably, for now, it is the only pathway that has been successfully 

targeted with currently approved drug , Tolvaptan, being the only Food and 

Drug Administration (FDA) approved  treatment  for ADPKD (Richards et al. , 

2021; Torres et al. , 2016, 2012) .  

 cAMP signalling was initially identified as a potential driver of PKD 

pathogenesis when e arlier , in vitro  studies in MDCK and ADPKD cyst - lining 

epithelia cells displayed significantly increased  intracellular  cAMP (Mangoo -

Karim et al. , 1989; Neufeld et al. , 1992; Grantham et al. , 1995, 1989; 

Mangoo �æKarim et al. , 1989) . Importantly,  cAMP agonists such as forskolin, 

arginine vasopressin (AVP) and prostaglandin E1 (PGE1) were found to 

further accelerate  cyst growth through both  fluid secretion and proliferatio n 

(Mangoo -Karim et al. , 1989; Neufeld et al. , 1992; Grantham et al. , 1995, 

1989; Mangoo �æKarim et al. , 1989) . Since, activation of cAMP has been 

demonstrated in several PKD and cellular models of ADPKD and ARPKD  

(Belibi et al. , 2004; Yamaguchi et al. , 2000, 1997; Smith et al. , 2006a; 

Hanaoka & Guggino, 2000) , with key roles being demonstrated in both cyst 

initiation and cyst progression (Scholz et al. , 2022; Yamaguchi et al. , 2006, 

2004; Nakanishi et al. , 2001; Belibi et al. , 2004) .  
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 Importantly, cAMP activation has been demonstrated through  several 

key mechanisms . In vitro  ADPKD and A RPKD studies have shown that  cAMP 

activation stimulates proliferation via the ERK/MAPK pathway , a process 

potentially controlled by intracellular Ca 2+  levels (Yamaguchi et al. , 2006, 

2004, 2003; Belibi et al. , 2004; Yamaguchi et al. , 2000) . Separately , cystic 

fibrosis transmembrane conductance regulator (CTFR), regulated by cAMP, 

has been implicated in fluid secretion in ADPKD , with in vitro  and in vivo 

studies displaying reduced fluid secretion upon loss of CTFR (Cotton & 

�$�Y�Q�H�U���� ������������ �2�¶�6�X�O�O�L�Y�D�Q��et al. , 1998; Davidow et al. , 1996; Nakanishi et 

al. , 2001) . However , interestingly , in Bpk  mice, loss of CTFR significantly 

aggravated the disease phenotype  instead , demonstrating  some 

differences in the molecular mechanisms of both ADPKD and ARPKD  

(Nakanishi et al. , 2001) . 

One  of the key mechanisms of action  for cAMP signalling is through 

vasopressin V2 receptor (V2R ), a major agonist of cAMP  (Wang et al. , 2008; 

Gattone et al. , 2003; Torres et al. , 2012; Mekahli et al. , 2023; Torres et 

al. , 2016; Tamma et al. , 2017) . In PCK rats, inhibition of V2R via 

OPC31260, a V2R antagonist, reduced renal cAMP levels whilst 

simultaneously inhibiting or even regressing disease progression  (Gattone 

et al. , 2003) . Furthermore, in PCK rats that were crossed with AVP deficient 

rats, similar observations were made with inhibition of cystogenesis being 

apparent in this model (Wang et al. , 2008) . �,�P�S�R�U�W�D�Q�W�O�\���� �7�R�O�Y�D�S�W�D�Q�¶�V��

mechanism of action is through inhibition of V2R  and increased activation 

of ERK1/2 , with ample evidence proving this drug to be successful in 
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slowing down disease progression thus far  (Khan et al. , 2024; Torres et al. , 

2012, 2016; Tamma et al. , 2017; Liu et al. , 2024) . Whilst Tolvaptan is 

currently approved for ADPKD treatment, the drug  is also being 

investigated in  clinical trials for ARPKD treatment  (ClinicalTrials.gov 

number: NCT04782258;  NCT04786574 ) (Bergmann, 2015; Richards et al. , 

2021) . In addition, other potential treatments targeting the cAMP pathway 

have  previously  been the subject of different clinical trials , including 

Lixivaptan ( ClinicalTrials.gov number:  NCT03487913 )  and Octreotide 

(ClinicalTrials.gov number: NCT01377246 ; NCT03541447 ) , with recent 

data displaying nephroprotective effects of combined Tolvaptan and 

Octreotide -Long -Acting Release therapy in ADPKD patients  (Richards et al. , 

2021; Trillini et al. , 2023) . 
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1. 5.2 Epidermal Growth Factor (EGF) Signalling  

Epidermal growth factor (EGF)  signalling has been characterised in 

ADPKD and ARPKD, in both human and rodent models, with significant 

relations to cellular proliferation and cyst expansion (Torres et al. , 2003; 

Du & Wilson, 1995; Dell et al. , 2004; Sweeney et al. , 2001) . In earlier 

rodent models, including in spontaneous ARPKD models  Cpk  and  Pcy mice 

and ADPKD model, Han:SPRD rats, EGF mRNA and protein expression was 

found to be downregulated (Cowley & Rupp, 1995; Gattone et al. , 1990; 

Nakamura et al. , 1993; Horikoshi et al. , 1991) . However, the retention of 

EGF- like peptides in renal cystic fluid implicates EGFR signalling in cyst 

development  (Lakshmanan & Eysselein, 1993; Guay -Woodford, 2003) . In 

later studies in human renal cystic epithelia and cystic fluid, EGF protein 

was significantly expressed , with further experiments displaying an 

increased, mitogenic response to EGF (Du & Wilson, 1995; Munemura, 

Uemasu & Kawasaki, 1994; Moskowitz et al. , 1995) .  

Separate evidence also highlights overexpression and mislocalisation 

of EGF-receptor (EGFR), with reports in human ADPKD and ARPKD, and 

murine models of disease displaying EGFR expression being localised from 

the basolateral cellular membrane to the apical  surface of cystic collecting 

tubule epithelial cells (Sweeney & Avner, 1998; Torres et al. , 2003; 

Sweeney et al. , 2001; Du & Wilson, 1995; Nakanishi, Sweeney & Avney, 

2001; Wilson et al. , 2006) . Together, the apical mislocalisation, 

overexpression and high -affinity binding to EGF in Polycystic Kidney 
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Disease (PKD) kidneys trigger a downstream signalling cascade, resulting 

in a proliferative loop causing cyst expansion (Sweeney & Avner, 1998; Du 

& Wilson, 1995; Richards et al. , 1998; Orellana et al. , 1995) . 

Since, EGF signalling has been a major target for PKD treatments 

with inhibition of EGF signalling, including of EGFR, proving to be effective 

in some studies. In spontaneous ARPKD murine models,  Balb/c -bpk/bpk  

(Bpk) and Cpk  mice , treatment of PKD with an inhibitor of EGFR tyrosine 

kinase activity, EKI -785, ameliorated disease phenotype , with reduced 

cystic lesions and biliary abnormalities and an overall increase in renal 

function and lifespan (Sweeney et al. , 2000; Richards et al. , 1998) . Similar 

effects were seen in Han:SPRD rats where administration of EKI -785 

reduced kidney weight, serum concentrations of blood urea nitrogen, cyst 

volume and fibrosis scores (Torres et al. , 2003) . In this study, EKB -569, 

another EGFR inhibitor, was also employed with similar effects as EKI -785, 

however, evidently less effective in this case (Torres et al. , 2003) . 

Interestingly, in Polycystic Kidney (PCK)  rats, unlike the general consensus 

in other models of disease, overexpression and apical mislocalisation of 

EGFR were not identified , nor protective effects detected after treatment 

with EKI -785 or EKB -569 (Torres et al. , 2004) . In fact, in some cases, 

treatment with these tyrosine kinase inhibitors presented a worsened 

phenotype (Torres et al. , 2004) . Whilst this may be due to stimulation of 

the increased cAMP and upregulation of the vasopressin V2 receptors (V2R) 

observed in PCK rats, the mechanisms behind this remain elusive (Torres 

et al. , 2004) . Nevertheless, in  Oak Ridge Polycystic Kidneys (Orpk)  mice, 
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introducing the wa -2 mutation to reduce tyrosine kinase activity of EGFR 

also presented protective  effects (Richards et al. , 1998) .  

Overall, this data  has  led to Tesevatinib (TSV), a multi - tyrosine 

kinase inhibitor, being  the subject of two previous phase 2 clinical trials for 

ADPKD, however efficacy of the drug still under investigation 

(ClinicalTrials.gov number: NCT01559363 ; NCT0320364 2)  (Sweeney, 

Frost & Avner, 2017; Jdiaa, Mustafa & Yu, 2024) . In ARPKD, preliminary 

studies show TSV treatment in Bpk  mice and PCK rats ameliorates renal 

and hepatic disease phenotype through reduced MAPK activity, with TSV 

having recently completed a phase 1 clinical trial study for ARPKD 

treatment (ClinicalTrials.gov number: NCT03096080 ) (Sweeney, Frost & 

Avner, 2017; Richards et al. , 2021) . Unfortunately, some adverse side 

effects have been reported  in murine models  and further investigations are 

still required (Sweeney, Frost & Avner, 2017; Richards et al. , 2021) .   
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1. 5.3 mTOR Signalling  

 mTOR signalling  is an additional signalling pathway, with key roles in 

regulating cell growth and proliferation (Kim & Edelstein, 2012) . In PKD, 

there has been evidence in both human and rodent models to suggest 

inappropriate activation of mTOR signalling in renal , cystic epithelia  (Becker 

et al. , 2010; Tao et al. , 2005; Shillingford et al. , 2006; Fischer et al. , 2009) .  

Initial evidence  from ADPKD Han:SPRD rats  show  Rapamycin  

(Sirolimus) , an antiproliferative drug and mTOR inhibitor, ameliorated 

disease progression by decreasing proliferation in renal tubules ;  inhibit ing  

cystogenesis  and slow ing  down renal disease progression  (Tao et al. , 2005; 

Wahl et al. , 2006) . Treatment with an analogue of Rapamycin, Everolimus, 

also displayed similar effects , indicating potential effects of the mTOR 

signalling pathway on the pathogenesis of PKD  (Wu et al. , 2007) . 

Interestingly , further evidence demonstrated that the mTOR pathway may 

be regulated by PC -1, with evident interactions between PC -1 and Tuberin, 

the protein product of mTOR kinase activity regulator, TSC2 (Shillingford 

et al. , 2006) . I n this study, whilst activated mTOR signalling was expectedly 

apparent in cyst - lining epithelia in human ADPKD, intriguingly, this was also 

evident in ARPKD models, Orpk  and Bpk  mice (Shillingford et al. , 2006) . 

Like Hans:SPRD rats, treatment with Rapamycin reversed the cystic 

phenotype in Orpk  mice and significantly reduced cyst size in Bpk  mice 

(Shillingford et al. , 2006) . Later studies in ARPKD human patient renal and 

liver samples displayed similar results , with strong mTOR expression in 
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renal cyst lining cells and bile ducts of the liver  (Fischer et al. , 2009; Becker 

et al. , 2010) .  

 Whilst appearing promising, there have been several complicated 

research findings  regarding mTOR signalling , making it difficult to dissect 

the exact mechanisms involved in PKD. A long - term study of Rapamycin 

therapy in Han:SPRD rats displayed attenuated clinical presentation with 

significantly improved kidney volume, renal function and blood pressure 

and  a reduction of 72% in cyst volume density (Zafar et al. , 2010) . 

However, in ADPKD adults, following 18 -month treatment with Rapamycin, 

no significant differences were seen in kidney volume with little impact on 

the glomerular filtration rate (GFR) (ClinicalTrials.gov number: 

NCT00346918 ). Furthermore, in PCK rats, treatment with Rapamycin did 

not produce the same effects as in previously mentioned research with little 

effect on renal and hepatic disease presentations (Renken et al. , 2011) . 

Likewise, in PCK cholangiocytes, whilst Rapamycin treatment inhibited 

proliferation and promoted apoptosis, it had little impact on renal cyst 

formation (Ren et al. , 2014) . In this study , NVP -BEZ235, an inhibitor of 

PI3K and mTOR,  also  inhibited biliary cyst formation in vitro  and in vivo but  

had no impact on renal cyst development (Ren et al. , 2014) .  

Overall , whilst previous studies have significantly implicated mTOR 

signalling in PKD pathogenesis, clinical trial investigations have proven 

challenging trying to deem potential therapeutic benefits by targeting this 

signalling pathway (ClinicalTrials.gov number: NCT00491517; 
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NCT00414440 ) ���2�¶�%�U�L�H�Q��et al. , 2020; Holditch et al. , 2019; Yang et al. , 

2024; Li et al. , 2017; Riegersperger, Herkner & Sunder -Plassmann, 2015) . 

For now,  it is not yet clear exactly what mechanisms are involved , how 

mTOR signalling drives cystogenesis, or how mTOR inhibition attenuates 

disease and thus, further investigations are still ongoing to dissect this.  
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1. 5.4 Janus Kinase (JAK) / Signal Transducer and Activator of 

Transcription ( STAT)  Signalling  

 Janus Kinase (JAK) / Signal transducer and activator of transcription 

(STAT) signalling is a key signalling pathway that has become of interest in 

PKD research with functions related to  cellular proliferation, apoptosis and 

immune regulation  (Xin et al. , 2020) . There are 7, established STAT 

proteins, with activation of STAT typically being dependent on members of 

the Janus Kinase (JAK) family (Strubl et al. , 2020) . Interestingly, all 

members, except STAT2, have been implicated in PKD thus far and whilst 

there is extensive research on JAK -STAT signalling in ADPKD, very little is 

known about these relationships in ARPKD (Strubl et al. , 2020) .  

 Under normal conditions,  PC-1 regulates STAT1 signalling, through 

association with JAK2 and interaction with PC -2 (Bhunia et al. , 2002) . Later, 

cytoplasmic tail fragments of PC -1 were also shown to interact with and 

regulate STAT6 -dependent gene expression (Low et al. , 2006) . More recent 

studies have demonstrated  that PC-1 can activate STAT3 via JAK2 (Talbot 

et al. , 2011) . In ADPKD, human and mouse model  studies  have 

demonstrated disruption of these mechanisms contributing to the PKD 

pathogenesis with strong activation of STAT3, STAT5 and STAT6 being 

observed in cyst - lining epithelial cells (Talbot et al. , 2011; Low et al. , 2006; 

Fragiadaki et al. , 2017) . Furthermore, loss of STAT5 via pharmacological 

intervention and inhibition of STAT6 under these conditions results in 
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reduced proliferation and inhibition of renal cyst growth (Olsan et al. , 2011; 

Fragiadaki et al. , 2017) . 

 Nevertheless, in ARPKD, thus far, associations have been made with 

STAT3 signalling since evidence has demonstrated that Fibrocystin can 

modulate STAT3 signalling through SRC suppression (Dafinger et al. , 

2020) . In this study, Fibrocystin was found to be in a complex with SRC 

and JAK2 , with DZIP1L being detected in a complex with SRC and STAT3, 

however , the latter had  little effects on SRC -STAT3 dependent transcription 

(Dafinger et al. , 2020) . Furthermore, increased SRC and STAT3 activation 

was found in human ARPKD cyst - lining epithelia (Dafinger et al. , 2020) .  

Interestingly, SRC inhibitors, as well as STAT3 inhibitors have been 

the subject of several previous clinical trials after promising, pre -clinical 

data has shown amelioration of disease upon treatment , however efficacy 

and safety of drugs is still under investigation  (ClinicalTrials.gov number :  

NCT03096080 ;  NCT03203642 )  (Richards et al. , 2021; Sweeney, Frost & 

Avner, 2017; Nowak et al. , 2020; Jing et al. , 2018; Chen et al. , 2014; 

Elliott, Zheleznova & Wilson, 2011; Sweeney et al. , 2008) . Thus, the JAK -

STAT signalling pathway is becoming increasingly important as a key 

signalling pathway dysregulated in PKD with ample evidence highlighting  

this pathway to be a promising target for novel therapeutic  developments.  
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1. 5.5 Wnt Signalling  

 Recent developments in PKD research  have highlighted the Wnt 

signalling pathway as an important molecular pathway in disease 

progression for both ADPKD and ARPKD.  Importantly, this signalling  

pathway plays crucial roles in cellular and embryonic development  with 

overall key roles in regulating cell proliferation, migration, apoptosis and 

cell polarity  (Liu et al. , 2022a) . With  the pathway branching into three 

smaller divisions, the roles of each  pathway become more distinct.  The 

most significantly studied canonical Wnt signalling pathway is important for 

gene transcription  through a �Ã-catenin -dependent manner (Figure 7 )  (Liu 

et al. , 2022a) . The non -canonical  Wnt /planar cell polarity (PCP) signalling 

pathway  is important for actin cytoskeleton rearrangements  through 

downstream effectors Rho -associated kinase (ROCK) and Jun N - terminal 

Kinase (JNK) . T he non -canonical/calcium (Ca 2+ ) signalling pathway  

primarily plays roles in regulating intracellular Ca 2+  levels  and cytoskeletal 

rearrangements through calmodulin -dependent kinase II (CamKII) , 

calcineurin  and protein kinase C (PKC)  (Figure 7 )  (Liu et al. , 2022a) .  

 Several  studies have placed strong focus on the canonical Wnt 

signalling pathway , with significant initial findings highlighting PC - ���¶�V��

complex formation with �Ã-catenin  and E -cadherin (Huan & van Adelsberg, 

1999) . Interestingly, later studies found a direct interaction between PC -

���¶�V���F- terminal tail and �Ã-catenin , resulting in inhibition of  the  Wnt signalling
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Figure 7 : An overview of Wnt signalling, including the canonical and non - canonical Wnt signalling pathways . Canonical Wnt 
signalling is important for gene transcription through a �Ã-catenin -dependent manner . The non -canonical Wnt/PCP signalling pathway is 
important for actin cytoskeletal rearrangements through downstream effectors , ROCK and JNK. The non -canonical Wnt/Ca 2+  signalling 
pathway is important for regulating intracellular Ca 2+  levels and cytoskeletal rearrangements through CamKII, calcineurin and PKC. 
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pathway (Lal et al. , 2008) . From this study, w hilst it is apparent that Wnt 

signalling is activated in renal cystic tissue, it may be plausible  that loss of 

PC-1 function  results in the dysregulation of this pathway in ADPKD  (Lal et 

al. , 2008) . Separate investigations found increased cell  proliferation and 

apoptosis, as well as cystic development throughout all segments of the 

nephron due to increased �Ã-catenin  in murine kidneys (Saadi -Kheddouci et 

al. , 2001) . In later in vivo  investigations , loss of PC -2 resulted in elevated 

�Ã-catenin  signalling  with inhibition via Wnt inhibitors, XAV939 and LGK974 , 

ameliorating disease phenotypes  (Kim et al. , 2009; Li et al. , 2018) . 

Likewise, l oss of  �,�Q�Y�H�U�V�L�Q�����D���µ�P�R�O�H�F�X�O�D�U���V�Z�L�W�F�K�¶���E�H�W�Z�H�H�Q���F�D�Q�R�Q�L�F�D�O���D�Q�G���Q�R�Q-

canonical Wnt signalling, resulted in cyst formation in zebrafish, suggesting 

uncontrolled expression of canonical Wnt signalling being related to the 

cystic phenotype in PKD  (Simons et al. , 2005) . Interestingly , i n ARPKD 

tissues  and PCK rats , �Ã-catenin  protein expression  was reduced , 

highlighting potential differences between ADPKD and ARPKD pathogenesis 

(Richards et al. , 2019; Togawa et al. , 2011) .  

 Recently emerging investigations have found that the non -canonical 

signalling pathway is equally associated with PKD. In earlier studies, 

defective PCP was linked to  abnormal tubular formation and cystogenesis 

(Patel et al. , 2008; Fischer et al. , 2006) . Soon after , loss of Fat4, a core 

PCP protein, was found to disrupt PCP signalling and tubulogenesis, as well 

as trigger cyst formation (Saburi et al. , 2008) . Similar trends were found 

with Wnt9b  signalling , which was  shown to regulate PCP signalling and 

kidney tubule morphogenesis  (Kiefer, Robbins & Rauchman, 2012; Karner 
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et al. , 2009) . In these studies , aberrant expression of  Wnt9b result ed in 

renal cystogenesis (Kiefer, Robbins & Rauchman, 2012; Karner et al. , 

2009) . M ore recent investigations  from our group  have  highlight ed 

modulation of PCP gene  expression in vitro  upon loss of Pkhd1  (Richards et 

al. , 2019) . In this study,  an upregulation  of key PCP genes in ARPKD 

kidneys , including in ATMIN, WNT5A, VANGL2 and SCRIBBLE was also seen  

(Richards et al. , 2019) . Complimenting this, in a separate study, RNA -

sequencing was performed on human samples reflecting severe to 

moderate ARPKD and revealed several non -canonical Wnt/PCP signalling 

genes that were differentially expressed  when compared to healthy, age -

matched samples , including WNT4, WNT5A, WNT9B  and VANGL2  (Richards, 

Wilson & Goggolidou, 2024) . Of these, both WNT4 and WNT5A , together 

with other Wnt signalling genes, were identified as DEGs in two ARPKD 

kidneys that presented the same PKHD1 mutations but different  clinical 

manifestations , suggesting changes in Wnt signalling genes may be related 

to disease severity  in ARPKD  (Richards, Wilson & Goggolidou, 2024) . 

 Recent studies have  now  tried to target the Wnt signalling pathway 

to ameliorate disease phenotype  (Richards et al. , 2021; Wang et al. , 2018; 

Tao et al. , 2015; He et al. , 2020) . In models of ARPKD and ADPKD, 

�*�O�\�F�R�J�H�Q���V�\�Q�W�K�D�V�H���N�L�Q�D�V�H�����Ã�����*�6�.���Ã�� mRNA and protein levels appear to 

be increased, including in cyst - lining epithelia, when compared to normal 

samples  (Tao et al. , 2015) . Upon inhibition of GSK3 via pharmacological 

intervention (TDZD -8 treatment), cyst formation appeared reduced , 

including in number and size, with evidence of reduced proliferation of cyst -
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lining epithelial cells and overall preserved renal function (Tao et al. , 2015) . 

Collecting duct specific gene knockout of �*�6�.���Ã also slowed down PKD 

progression as well as increased life span, highlighting �*�6�.���Ã as a 

promising target of PKD treatment (Tao et al. , 2015) . Similarly, use of  �Ã-

catenin  inhibitors, such as  XAV939 , LGK974  and Cardamonin , appear to be 

promising targets that suppress cyst formation and ameliorate renal 

disease in ADPKD, however, these are yet to be explored for ARPKD 

treatment  (Li et al. , 2018; He et al. , 2020; Richards et al. , 2021) . 

Nevertheless, together, these data highlight the Wnt signalling pathway as 

a crucial component of PKD pathogenesis with novel potential for this 

pathway  as a target for PKD treatment.  
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1. 5.6 Additional Dysregulated Molecular Pathways in ARPKD  

Whilst emphasis has been placed on some of the key dysregulated 

molecular pathways mentioned above, it is important to note that these are 

not exclusively implicated in PKD, with evidence highlighting several other 

molecular pathways playing potential roles in disease pathogenesis 

(Tóthová et al. , 2021; Ren et al. , 2014; Zhang et al. , 2020; Hassane et al. , 

2010; Zhou et al. , 2015) . 

Transforming growth factor - �Ã (TGF- �Ã) is an important signalling 

pathway with roles in cell proliferation, apoptosis, adhesion and epithelial -

mesenchymal transition (EMT)  (Hao, Baker & ten Dijke, 2019) . In PKD, an 

increase in TGF - �Ã1 and downstream SMAD signalling  has been found in 

cystic cells with key roles identified during cyst progression  through 

proliferation  and fibrogenesis  (Zhang et al. , 2020; Hassane et al. , 2010; 

Hama et al. , 2017) . 

Likewise, nuclear factor - �É�%�����1�)- �É�%������an important immune response 

pathway, has also been demonstrated to be aberrantly activated in cystic 

epithelial cells in human and rodent models of PKD (Ta et al. , 2016) . 

Interestingly, modulation of PKD genes  also resulted in activation of NF - �É�%, 

with further studies demonstrating inhibition of NF - �É�%���S�U�R�Y�L�Q�J���E�H�Q�H�I�L�F�L�D�O���L�Q��

PKD amelioration  (Park, Seo & Park, 2010; Ogborn et al. , 2003; Leuenroth 

et al. , 2007; Banzi et al. , 2006; Mangolini et al. , 2010) .  
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Hippo signalling is important during tissue development with key 

roles in cell proliferation and apoptosis  (Meng, Moroishi & Guan, 2016) . 

Under normal conditions, downstream effectors of the Hippo pathway, Yes -

associated protein (YAP) and transcriptional coactivator with PDZ -binding 

motif (TAZ)  can become phosphorylated and remain in the cytoplasm , or 

unphosphorylated and translocate to the nucleus, as required  (Meng, 

Moroishi & Guan, 2016) . In PKD, both YAP and TAZ demonstrate increased 

nuclear localisation with increased expression of downstream 

transcriptional targets  (Happé et al. , 2011) . Further evidence also 

highlights that expression of cytoplasmic YAP play s roles in cyst 

suppression with separate studies showing TAZ deletion result ing  in a renal 

cystic phenotype in mice  (Xu et al. , 2018; Makita et al. , 2008) .  

Together, this data highlights the importance of several different 

signalling pathways that are dysregulated in PKD. Whilst it is important to 

mention that these are not all the pathways that have been implicated  thus 

far,  strong recent advancements have been made  targeting these 

pathways,  with  novel  potential for treatment  developments being  evident.  
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1. 6 Rodent Models Are Valuable Tools for ARPKD Study  

 

 

Thus far, there have been significantly progressive developments in 

ARPKD research, with the use of animal models making substantial 

contributions to what we know so far. Much of the importance of using 

animal models  in ARPKD study comes from difficulty in obtaining suitable, 

human ARPKD samples. Whilst it is not entirely impossible, the rarity of 

disease and ethical concerns involved in obtaining samples from neonates 

and infants, the most severely affected group in A RPKD, makes it extremely 

difficult to c ompletely dissect the molecular mechanisms involved and 

advance potential treatment prospects  in human ARPKD . To overcome this, 

investigators have used various animals to model ARPKD disease, with the 

most common being rodent  models, outlined in Table 1 . Interestingly , 

initially established ARPKD rodent  lines were developed through a 

spontaneous nature with mutations in several different rodent  genes 

reportedly resulting in an ARPKD - like disease phenotype in both the kidney 

and liver. Since, several attempts have been made at recapitulating ARPKD 

through targeting Pkhd1 , and more recently, Dzip1l , the causative genes of 

ARPKD. 

1.6 Rodent Models Are Valuable Tools for 
ARPKD Study 
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Table 1 : A list of current ARPKD rodent models with a brief description of their reported phenotypes.  

Model  Gene  Occurrence  Renal Phenotype  Extra - Renal 
Phenotype  

Reference  

Cpk   

(Mouse )  
Cys1  Spontaneous  Renal cysts  

Hepatic cysts; 

intrahepatic bile duct 

dilation; bile duct cysts; 

pancreatic cysts  

(Fry et al. , 1985; Hou 

et al. , 2002; Gattone, 

MacNaughton & 

Kraybill, 1996; Ricker 

et al. , 2000; Guay -

Woodford, 2000)  

Bpk   

(Mouse)  
Bicc1  Spontaneous  Renal cysts  

Intra -  and extrahepatic 

bile duct dilation; 

postnatal lethal (~4 

weeks)  

(Guay -Woodford et al. , 

1996; Nauta et al. , 

1993)  

Orpk   

(Mouse)  
Ift88  Targeted  Renal cysts  

DPM; pancreatic cysts; 

growth retardation  

(Moyer et al. , 1994; 

Yoder et al. , 1996; 

Pazour et al. , 2000; 

Cano et al. , 2004; 

Sommardahl et al. , 

2001)  

PCK  

(Rat)  
Pkhd1  Spontaneous  Renal cysts  

Hepatic cysts; hepatic 

fibrosis  

���2�¶�0�H�D�U�D��et al. , 2012; 

Lager et al. , 2001)  
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Pkhd1 ex40   

(Mouse)  
Pkhd1  Targeted  N/A  

Hepatic fibrosis; portal 

hypertension; 

intrahepatic bile duct 

malformation  

(Moser et al. , 2005)  

Pkhd1 del2   

(Mouse)  
Pkhd1  Targeted  

Renal cysts; tubular 

dilation  

(female mice only)  

Hepatic cysts; hepatic 

fibrosis;   
(Woollard et al. , 2007)  

Pkhd1 del3 -4  

(Mouse)  
Pkhd1  Targeted  Renal cysts  

Hepatic fibrosis; biliary 

cysts; bile duct 

proliferation; pancreatic 

cysts; growth retardation  

(Garcia -Gonzalez et 

al. , 2007)  

Pkhd1 del4   

(Mouse)  
Pkhd1  Targeted  N/A  

Hepatic cysts; hepatic 

fibrosis; pancreatic duct 

dilation; pancreatic 

cysts; splenomegaly  

(Gallagher et al. , 

2008)  

Pkhd1 e15GFP�©16   

(Mouse)  
Pkhd1  Targeted  

Renal cysts; tubular 

dilation  

Hepatic cysts; hepatic 

fibrosis; pancreatic duct 

dilation; pancreatic 

cysts; embryonic lethal 

(homozygous mice)  

(Kim et al. , 2008)  
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Pkhd1 lacZ   

(Mouse)  
Pkhd1  Targeted  Renal cysts  

DPM; pancreatic duct 

dilation; pancreatic cysts  
(Williams et al. , 2008)  

Pkhd1 LSL  

(Mouse)  
Pkhd1  Targeted  

Renal cysts; tubular 

dilation  

(female mice only)  

Hepatic cysts; hepatic 

fibrosis  

(Bakeberg et al. , 

2011)  

Pkhd1 �©����  

(Mouse)  
Pkhd1  Targeted  N/A  N/A  (Outeda et al. , 2017)  

Dzip1l wpy  

(Mouse)  
Dzip1l  Targeted  Renal cysts  Excess bile ducts  (Lu et al. , 2017)  

Pkhd1 C642   

(Mouse)  
Pkhd1  Targeted  Proximal tubule ectasia  

Hepatic cysts; hepatic 

fibrosis; DPM  
(Shan et al. , 2019)  

Pkhd1 del3 -67   

(Mouse)  
Pkhd1  Targeted  N/A  

Hepatic cysts; hepatic 

fibrosis; eye 

abnormalities; incisor 

malocclusion; reduced 

male fertility  

(Ishimoto et al. , 2023)  
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1. 6.1 Congenital Polycystic Kidney (Cpk)  mouse  

The Congenital polycystic kidney (Cpk)  mouse was the first ARPKD 

mouse model identified in 1985 with spontaneous mutations in C57BL/6j 

mice occurring in  ciliary gene  Cystin  1 (Cys1)  (Fry et al. , 1985; Hou et al. , 

2002) . The phenotype in Cpk  mice described cystic kidneys, originating 

from the proximal tubules, with significantly elevated markers of kidney 

function (Fry et al. , 1985) . Disease presentation in the liver was minimal 

however, significant impairment of pancreatic function was evident (Fry et 

al. , 1985) . Whilst initial studies displayed a limited extra renal phenotype 

in C57BL/6j -Cpk /Cpk  mice,  CD1-Cpk /Cpk  mice displayed a more 

pronounced overall ARPKD phenotype (Gattone, MacNaughton & Kraybill, 

1996) . At first, a n ARPKD - like cystic phenotype appeared in renal proximal 

tubules, which later shifted to and predominated in the collecting ducts as 

mice were aged (Gattone, MacNaughton & Kraybill, 1996) . Furthermore, a 

cystic presence was also apparent in the liver, bile ducts and pancreas with 

intrahepatic bile duct dilation also apparent (Gattone, MacNaughton & 

Kraybill, 1996) . Similar observations were made in  BALB/c -Cpk /Cpk  mice 

regarding the renal and extra - renal phenotypes with CAST/EiJ -Cpk /Cpk  

mice also displaying DPM (Ricker et al. , 2000; Guay -Woodford, 2000) . 
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1. 6.2 BALB/c Polycystic Kidneys (Bpk)  mouse  

The BALB/c polycystic kidneys (Bpk)  mouse was  identified soon after 

in 1993 when spontaneous mutations in Bicc1  arose in BALB/c mice (Nauta 

et al. , 1993; Guay -Woodford et al. , 1996) . Interestingly, differing from the 

originally derived C57BL/6j -Cpk /Cpk  mice, BALB/c -Bpk /Bpk  mice 

demonstrated renal tubular and biliary epithelial abnormalities (Nauta et 

al. , 1993) . Renal cysts appeared to originate from proximal tubules and 

later shift to collecting ducts , with the biliary phenotype being characterised 

by hyperplasia in the intra -  and extrahepatic biliary tract (Nauta et al. , 

1993) . Furthermore, Bpk  mice present a lethal phenotype with mice 

typically dying by around 4 -weeks  post birth , likely due to renal failure 

(Nauta et al. , 1993) . Like Cpk  mice, Bpk  mice are also influenced by genetic 

strain differences with BALB/c -Bpk  intercrosses with CAST/Ei mice 

demonstrating a more severe and variable renal and biliary phenotype  

(Guay -Woodford et al. , 1996) . These mice also presented earlier  disease 

onset and more rapid progression to death than in BALB/c -Bpk /Bpk  mice 

(Guay -Woodford et al. , 1996) .  
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1. 6.3 Oak Ridge Polycystic Kidney (Orpk)  mouse  

The Oak ridge polycystic kidney (Orpk)  mouse was the first reported 

ARPKD mouse line that was genetically engineered in 1994 , with an 

insertional mutation  being introduced to  ciliary gene,  Ift88 , in FVB/N 

background mice (Moyer et al. , 1994) . Homozygous Orpk mice presented 

bilateral cystic kidneys originating from proximal tubules and later 

presenting in collecting ducts, causing progression to renal failure (Moyer 

et al. , 1994; Yoder et al. , 1996) . Interestingly, like ARPKD, mice that 

survived the neonatal stages  of development  displayed a milder renal 

phenotype (Yoder et al. , 1996) . Nonetheless, Orpk  mice also presented 

growth retardation, DPM and pancreatic cysts , with later investigations in 

this mouse line leading to the discovery that the renal cystic phenotype is 

associated with ciliary dysfunction (Cano et al. , 2004; Pazour et al. , 2000; 

Moyer et al. , 1994; Yoder et al. , 1996) .  

As apparent in the previously mentioned mouse lines, the genetic 

background of the Orpk mice significantly influences the presented 

phenotype  (Sommardahl et al. , 2001) . Whilst C3H -Orpk  mice presented 

renal, liver and pancreatic phenotypes, these appeared delayed and milder 

compared to FVB/N -Orpk  mice  (Sommardahl et al. , 2001) . Furthermore, 

the C3H -Orpk  mice survived longer than FVB/N -Orpk  mice (Sommardahl et 

al. , 2001) .  
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1. 6.4 Polycystic Kidney (PCK) rats  

Currently, the Polycystic Kidney (PCK)  model is the only rat model of 

PKD originating in 2001 via spontaneous mutations  to Pkhd1  in Crj:CD/SD  

background  rats (Lager et al. , 2001) . This rodent model presented 

progressive renal cyst enlargement evident from 1 -week post birth, with 

liver cysts evident from day 1 (Lager et al. , 2001) . However, whilst 

mutations in Pkhd1  were the cause of the PKD phenotype in this model, the 

PCK rats  resembled ADPKD , with the renal cystic phenotype spanning 

across the entire nephron  and at a slower rate than in ARPKD (Lager et al. , 

2001) . Furthermore, the PCK rats also made evident the difference between 

male and female rodents , with male rats presenting a more severe renal 

phenotype than in female PCK rats (Lager et al. , 2001) . Later investigations 

highlighted genetic strain differences when PCK rats were crossed to FHH 

background rats and displayed some extent of disease amelioration 

���2�¶�0�H�D�U�D��et al. , 2012) .  
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1. 6.5 Pkhd1 -Targeted Mouse Models  

 Despite the significant advancement of animal models in ARPKD so 

far, these did not accurately recapitulate the disease, either due to the gene 

mutated or type of phenotype presented. Thus, the first targeted Pkhd1  

model was reported  in 2005  where exon skipping resulted in a modified 

Pkhd1  transcript  in Pkhd1 ex40  mice  (Moser et al. , 2005) . Surprisingly, this 

mouse model presented completely normal  appearing kidneys with no 

evidence of a renal phenotype (Moser et al. , 2005) . Comparatively, severe 

intrahepatic bile duct malformations were apparent, together with 

progressive portal fibrosis and portal hypertension, suggesting some 

potential differences in the role of Fibrocystin in the kidney and liver (Moser 

et al. , 2005) .  

 In another targeted attempt at recapitulating the ARPKD phenotype, 

exon 2 of Pkhd1  was targeted to develop homozygous Pkhd1 del2/del2  mice 

(Woollard et al. , 2007) . These mice presented a delayed onset of kidney 

disease which was made apparent  by the presence of cystic dilations  in 

female mice at around 9 -months -old  (Woollard et al. , 2007) . At this stage, 

female mice also presented proximal tubular dilation . When the mutation 

was inbred onto  BALB/c or C57BL/6j mice, female mice presented proximal 

tubular dilation at 3 -months -old instead, a phenotype that male mice were 

protected from  (Woollard et al. , 2007) . Comparatively, Pkhd1 del2/del2  mice 

developed progressive biliary dilation and fibrocystic liver disease that 

significantly impacted the size of the liver by 9 -months -old (Woollard et al. , 
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2007) . By 12 �± 15 -months of age, the Pkhd1 del2/del2  mice presented 

extremely cystic and fibrotic livers (Woollard et al. , 2007) . Likewise, the 

pancreas also appeared enlarged and cystic with dilations in pancreatic 

ducts being evident (Woollard et al. , 2007) .  

 Almost simultaneously to the Pkhd1 del2/del2  mice, reports of another 

targeted Pkhd1  mouse model were published with researchers using Cre 

mediated excision to delete exons 3 -4 o f Pkhd1  to develop homozygous 

Pkhd1 del3 -4/del3 -4 mice (Garcia -Gonzalez et al. , 2007) . In this mouse model, 

mice present a progressive renal cystic phenotype, derived from the 

collecting ducts and thick ascending loop of Henle, and became more 

apparent by around 6 -months -old (Garcia -Gonzalez et al. , 2007) . 

Interestingly, all mice presented DPM with biliary duct proliferation, biliary 

cysts and periportal fibrosis (Garcia -Gonzalez et al. , 2007) . Furthermore, 

mice presented pancreatic cysts that affected over 30% of mice by 9 -

months -old as well as growth retardation, suggesting this to be a direct 

consequence of Pkhd1  mutation (Garcia -Gonzalez et al. , 2007)  

In 2008, the development of mutant Pkhd1 del4/del4  mice on a mixed 

C57BL/6j/129sv background interestingly presented no renal phenotype, 

morphologically or functionally (Gallagher et al. , 2008) . In comparison, 

these mice presented DPM as early as 2 -weeks , with progressive hepatic 

cyst formation and fibrosis  apparent  by 3 -months -old, although this did not 

affect liver function as typically presented in human ARPKD (Gallagher et 

al. , 2008) . The Pkhd1 del4/del4  mice also exhibited  a pancreatic phenotype, 



71   
 

including pancreatic duct dilation and pancreatic cysts  that were  evident 

from 1 -month -old  (Gallagher et al. , 2008) . Interestingly, this mouse model 

also presented splenomegaly in around 50% of mice which were apparent 

from around 3 -months -old (Gallagher et al. , 2008) .  

Like the previously described Pkhd1 - targeted mice, the Pkhd1 e15GFP�©16  

mouse model was generated through disruption of exon 15 and deletion of 

exon 16, completely diminishing full - length Fibrocystin protein expression 

(Kim et al. , 2008) . Interestingly, homozygous Pkhd1 e15GFP�©16  mice 

presented some embryonic lethality , with only 25% of homozygous mice 

surviving beyond 12 -months -old (Kim et al. , 2008) . I n the surviving cohort, 

mice presented renal tubular dilation, hepatic fibrosis  and a renal and 

hepatic cystic phenotype (Kim et al. , 2008) . This was also evident in the 

pancreas and interestingly, the brain (Kim et al. , 2008) . Furthermore, this 

mouse model exhibited defective ciliogenesis, further highlighting the 

relationship between cystic kidney disease and cilia (Kim et al. , 2008) . 

Using a lacZ  reporter, researchers targeted exons 1 �± 3 to develop 

the homozygous Pkhd1 lacZ/lacZ  mouse model  (Williams et al. , 2008) . This 

ARPKD model made evident that loss of Pkhd1  expression resulted in 

progressive renal cysts, originating from the proximal tubules, collecting 

ducts and the glomeruli (Williams et al. , 2008) . Further investigations in 

this study made evident that these mice also presented DPM , as well as 

pancreatic dilations and cysts (Williams et al. , 2008) . 
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In another Pkhd1 - targeted attempt , researchers developed a null 

Pkhd1  strain, inbred on a BALB/c or C57BL/6j mouse background  

(Bakeberg et al. , 2011) . This model interestingly highlighted gender 

differences between mice , with female Pkhd1 LSL( - )/LSL( - ) mice presenting 

proximal tubul ar  dilation and renal cyst formation at around 3 �± 6-months -

old whilst male mice appeared normal  (Bakeberg et al. , 2011) . In the liver, 

both male and female Pkhd1 LSL( - )/LSL( - ) mice presented progressive 

fibrocystic liver disease , evident  from around 3 -months -old and completely 

manifest ing the liver  by 12 -months -old (Bakeberg et al. , 2011) .  

Interestingly, more recent studies have remained complicated with 

Outeda et al.  targeting exon 67 of Pkhd1  and finding no phenotype in 

neither the kidney nor the liver in Pkhd1 �©���� mice (Outeda et al. , 2017) . 

Similarly , Pkhd1 C642  mice also presented no renal or hepatic phenotype until 

mice were aged to around 13 �± 17 -months -old,  where heterozygous mice 

presented proximal tubule ectasia, hepatic cysts and biliary duct 

abnormalities, whilst homozygous mice presented CHF  only  (Shan et al. , 

2019) . In Pkhd1 del3 -67/del3 -67  mice, the almost complete deletion of Pkhd1  did 

not result in any renal phenotype, however, did cause a fibrocystic liver 

phenotype , as well as unique disease presentations  that are  not typically 

reported in ARPKD (Ishimoto et al. , 2023) . This included eye abnormalities, 

incisor malocclusion  and reduced male fertility (Ishimoto et al. , 2023) . 
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1. 6.6 Dzip1l wpy/wpy  Mouse  

 With much of the focus in disease modelling being placed on Pkhd1  

so far, the recent advancement in identifying Dzip1l  as a second ARPKD -

causing gene opens novel prospects in trying to recapitulate an ARPKD 

disease phenotype.  Thus far, only one Dzip1l - targeted model is reported  

(Lu et al. , 2017) . C57BL/6j:C3H Dzip1l wpy/wpy  mice were outbred onto a CD1 

background and upon analysis, revealed a progressive renal cystic 

phenotype, apparent from 15.5 days post coitum (dpc) (Lu et al. , 2017) . 

Upon birth, mice exhibited renal cysts deriving from proximal tubules and 

collecting ducts which were progressively worse with age (Lu et al. , 2017) . 

By postnatal day 21 (P21), mice also exhibited excess bile ducts, however, 

no evidence of fibrosis was evident (Lu et al. , 2017) .  
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1.7 Aims and Objectives  

 

 Significant attempts have been made thus far to develop a mouse 

model that is thoroughly characteristic of the renal and extra - renal disease 

manifestations of ARPKD. Whilst each model has presented different 

strengths  and proven invaluable to ARPKD research , the common 

observation is that in mice, the disease  phenotype is often variable , with 

the renal phenotype in particular  generally present ing  delayed onset.  Given 

these facts, current in vivo  ARPKD- like models fail to thoroughly represent 

the disease and the need to develop and characterise a novel, pre -clinical 

tool for ARPKD study remains.   

In this study, we aim to bridge this gap by characterising a recently 

generated, novel Pkhd1 T37M/T37M  mouse model that carries the most 

common and severe mutation in human ARPKD, T36M.  It is important to 

mention that due to differences in sequence s between human and mouse 

Pkhd1, there is one amino acid shi ft in the point where the mutation occurs 

in mice . Despite this , it is predicted that the homozygous T37M  mutation 

in mice would produce the same effect on Fibrocystin as the T36M mutation 

in humans, resul ting in a protein that  is prematurely terminated  (Furu et 

al. , 2003) .  

Whilst our overall aim is to develop and characterise this novel, pre -

clinical tool for ARPKD study, we have three clear objectives which are 

addressed in each chapter of this thesis. This includes 1) to characterise 

1.7 Aims and Objectives 
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the kidney phenotype of the Pkhd1 T37M/T37M  mouse model and identify any 

potential, novel targets of Pkhd1  in the kidney ; 2) to characterise the liver 

phenotype of the Pkhd1 T37M/T37M  mouse model and dissect the potential 

involvement of the Wnt signalling pathway  in the liver phenotype  in ARPKD 

and 3) to identify whether the lung phenotype is a primary characteristic of 

Pkhd1  mutations or a secondary consequence  of  ARPKD. By achieving these 

objectives, we would be able to  advance our understanding of potential 

molecular mechanisms involved in ARPKD, including identifying novel 

targets of Pkhd1  and importantly,  identify whether this mouse model is a 

valuable tool for ARPKD study, including for multi -organ and pre -clinical 

investigations.    



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2: Materials and Methods  
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Chapter 

Materials and 
Methods 
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2.1 Pkhd1 T37M/T37M  Mice  

 
The Pkhd1 T37M/T37M  mice were generated through the Medical 

Research Council (MRC) Genome Editing Mice for Medicine (GEMM) 

programme using the CRISPR/Cas9 technology. This allowed us to generate 

a novel CRISPR/Cas9 gene edited, homozygous Pkhd1 T37M/T37M  mouse 

model which carries the most common point mutation in human ARPKD 

(c.107 C > T (p.Thr36Met ( T36M) ) , on a C3H mouse background.  The T37M  

mutation occurs in exon 3 of Pkhd1 , predicted to replicate the human T36M 

mutation in PKHD1, causing an alternative start site and  resu lting in late 

transcription (Furu et al. , 2003) . As a result, this mutation leads to a 

truncating protein  that occurs  in the N - terminus region  of Fibrocystin  (Furu 

et al. , 2003) . Mice were humanely sacrificed with k idneys, livers and lungs 

being  isolated at different developmental stages including postnatal day 2 

(P2), 4 -month -old and 9 -month -old. Wildtype littermates were used as 

controls , with both male and female mice being used in this study . Work 

was performed  under the Home Office project license number PP6409512 

and ethics approval  number LSEC/201920/PG/86, issued by the Life 

Science Ethics Committee of the University of Wolverhampton  (Appendix 

1 ) . 

 

  

2.1 Pkhd1T37M/T37M Mice 
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2. 2  Materials  

2.2.1 Antibodies  

A list of all primary and secondary antibodies used in this study are 

listed in  Table 2 . Antibodies were used in SDS -PAGE western blot and 

immunohistochemistry (IHC) experiments.  

Table 2 :  A list of all primary and secondary antibodies used in SDS-PAGE western blot 
and IHC in this study . 

Antibody  Manufacturer  Catalogue ID  

Primary antibodies  

�$�F�H�W�\�O�D�W�H�G���.-Tubulin  Sigma Aldrich  T7451  

Aquaporin -2 Abcam  Ab199975  

Caveolin -1 Cell Signalling  3267S  

E-Cadherin  Cell Signalling  3195S  

Fibrocystin  
PKD Research Resource 

Consortium  
E4A 

Gapdh  Proteintech  60004 -1- Ig  

Non - �3�K�R�V�S�K�R�����$�F�W�L�Y�H�����Ã-Catenin  Cell Signalling  8814  

Pan-Cytokeratin  Sigma Aldrich  C2931  

Phalloidin Alexa Fluor 594  Invitrogen  A12381  

�. -Smooth Muscle Actin  Cell Signalling  19245  

Phosphorylated (Total) �Ã-Catenin  Cell Signalling  9582  

Secondary antibodies  

Goat Anti -Mouse IgG Alexa Fluor 488  Abcam  Ab150113  

Donkey  Anti -Rabbit IgG Alexa Fluor 594  Abcam  Ab150076  

Goat Anti -Mouse IgG (HRP)  Abcam  Ab205719  

Goat Anti -Rabbit IgG (HRP)  Abcam  Ab205718  

Goat Anti -Rat IgG (HRP)  Abcam  Ab97057  

2.2 Materials 
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2.2.2 Kits and Reagents  

A list of the reagents and kits used in this study are listed in  Table 

3 . These reagents were used in  RNA extractions, cDNA synthesis,  

quantitative  real - time  polymerase chain reaction ( qRT-PCR), SDS-PAGE 

western blot and IHC  experiments.  

Table 3 : A list of all the kits and reagents used  for  RNA extractions, cDNA synthesis,  qRT-
PCR, SDS-PAGE western blot and IHC in this study.  

Reagent  Manufacturer  Catalogue ID  

10 -250 kDa Wide Range Blue -Red-Green 

Three Color Protein Ladder, Prestained  
NBS Biologicals  BZ0011G  

�������¶-Diaminobenzidine Tablets  Merck  D4293  

Ammonium Chloride (NH 4Cl)  Merck  254134  

Ammonium Persulfate (APS)  Merck  7727 -54 -0 

Developer  
Scientific Laboratory 

Supplies  
RGD 

Dithiothreitol (DTT)  Merck  10197777001  

DPX Mountant  Merck  06522  

Ethanol (100%)  Fisher BioReagents  16606002  

Ethylenediaminetetraacetic Acid (EDTA)  Invitrogen  15576 -028  

EZ-Chemiluminescence (ECL) Detection 

Kit for HRP 
Geneflow  K1-0170  

Fixer  
Scientific Laboratory 

Supplies  
RGF 

H&E Staining Kit  Abcam  Ab245880  

High -Capacity cDNA Reverse Transcription 

Kit  
Applied Biosystems  4368814  

HiMark Pre - stained Protein Standard  Invitrogen  LC5699  

HistoChoice Clearing Agent  Merck  H2779  

Isopropanol  Fisher Chemical  P/7507/15  

Methanol  
Thermo Scientific 

Chemicals  
040980.K2  
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NuPAGE LDS Sample Buffer (4x)  Invitrogen  NP0007  

Phosphate Buffered Saline (PBS)  Gibco  10010023  

Protease Inhibitor Cocktail  Merck  P2714 -1BTL 

Protein Assay Kit II  Bio-Rad 5000112  

ProtoGel (30%)  Geneflow  A2-0072  

Qiagen RNeasy Mini Kit  Qiagen  74104  

Qubit RNA Quantification Broad Range Kit  Invitrogen  Q10210  

Qubit RNA Quantification High Sensitivity  

Kit  
Invitrogen  Q32852  

SDS Page Tank Buffer (10x) Tris -Glycine 

SDS 
Geneflow  B9-0032  

Sodium Chloride  Merck  746398  

Sodium Deoxycholate  Merck  D6750  

Sodium Dodecyl Sulphate (SDS)  Fisher Chemical  S/P530/48  

TaqMan Fast Universal Master Mix (2X), 

no AmpErase UNG  
Applied Biosystems  4366072  

Tetramethylethylenediamine ( TEMED)  Bio-Rad 1610800  

Tris Glycine Electroblotting Buffer (10x)  Geneflow  B9-0056  

Triton X -100  Merck  108603  

Trizma Base  Merck  RDD008  

Tween 20  Merck  P1379  

UltraPure DNase/RNase -Free Distilled 

Water  
Invitrogen  10977035  

UltraPure Tris Hydrochloride  Invitrogen  15506017  

VECTASHIELD Antifade Mounting Medium 

with DAPI  
Vector Laboratories  H-1200 -10  

VECTASTAIN Elite ABC -HRP Kit  Vector Laboratories  PK-6200  

Xylene  Merck  534056  
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2.2.3 Buffers and Solutions  

A list of all the buffers and solutions used in this study are  listed in  

Table 4 . The  composition for each item is  also  detailed  with the reagents 

�O�L�V�W�H�G�� �L�Q�� �H�D�F�K�� �L�W�H�P�¶�V�� �F�R�P�S�R�V�L�W�L�R�Q�� �E�H�L�Q�J�� �R�X�W�O�L�Q�H�G in  Table 3 . Buffers and 

solutions listed were used in SDS -PAGE western blot and IHC experiments.  

Table 4 : A list of all buffers and solutions used in this study with details of their 
composition. Items listed  were used in SDS -PAGE western blot and IHC . 

Buffer / Solution  Composition  

1 M Tris  45.4 g Trizma Base (121.14 g/mol), 250 mL Distilled Water  

1 mM EDTA 0.29 g EDTA (292.24 g/mol), 1000 mL Distilled Water  

1.5 M Tris  32 g Trizma Base (121.14 g/mol), 250 mL Distilled Water  

10% APS  1 g APS (228.20 g/mol), 10 mL Distilled Water  

10% SDS  20 g SDS (288.28 g/mol), 200 mL Distilled Water  

10x Tris -Buffered 

Saline (TBS)  
152 mM Tris -HCl, 46 mM Trizma -base, 1.5 M NaCl  

1x Running Buffer  
100 mL SDS Page Tank Buffer (10x) Tris -Glycine SDS, 900 mL 

Distilled Water  

1x Transfer Buffer  
100 mL Tris Glycine Electroblotting Buffer (10x), 900 mL 

Distilled Water  

1x Transfer Buffer 

with Methanol  

100 mL Tris Glycine Electroblotting Buffer (10x), 100 mL 

Methanol, 800 mL Distilled Water  

1x Tris -Buffered 

Saline (TBS)  
100 mL 10x TBS, 900 mL Distilled Water  

50 mM NH 4Cl 0.13 g NH 4Cl (53.49 g/mol), 50 mL Distilled Water  

RIPA Buffer  
50 mM Tris -HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 

1% Triton X -100, 0.1% Sodium Deoxycholate  

Tris -Buffered Saline 

with Tween (TBST)  
999 mL 1x TBS, 1 mL Tween 20  
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2.2.4 Taqman Gene Expression Assays  

A list of all the Taqman Gene Expression Assays with FAM Reporter  

used for q RT-PCR analysis in this study are listed in Table 5 . All primers 

were purchased from Applied Biosystems through ThermoFisher Scientific.  

Table 5 : A list of all the mouse Taqman Gene Expression Assays  used for q RT-PCR in this 
study.  

Target  Primer  Exon 
Boundary  

Location (bp)  Length (bp)  

ActB  Mm00607939_s1  6 1,233  115  

Aqp2  Mm00437575_m1  1-2 458  107  

Atmin  Mm01251229_m1  1-2 362  82  

Epor  Mm00833882_m1  6-7 972  158  

Foxf1  Mm00487497_m1  1-2 990  51  

Gapdh  Mm99999915_g1  2-3 117  107  

Igfbp2  Mm00492632_m1  1-2 484  85  

Muc1  Mm00449604_m1  6-7 1,887  71  

Muc20  Mm00524818_m1  1-2 122  65  

Pkd1  Mm00465434_m1  1-2 531  76  

Pkd2  Mm00435841_m1  14 -15  2,849  72  

Pkhd1  Mm01233737_m1  60 -61  10,359  67  

Plet1  Mm01170995_m1  3-4 484  78  

Vangl2  Mm00473768_m1  3-4 656  66  

Wnt4  Mm01194003_m1  1-2 123  68  

Wnt5a  Mm00437347_m1  4-5 695  70  

Wnt9b  Mm01248219_m1  2-3 391  98  
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2. 3  Methods  

2. 3.1 RNA Isolation from Mouse Tissue Samples  

2. 3.1.1 RNA Isolation  

RNA extraction was performed on wildtype and Pkhd1 T37M/T37M  mouse 

kidney s, livers and lungs at  P2, 4 -month s-old and/or 9 -month s-old . All 

�S�U�R�F�H�G�X�U�H�V�� �I�R�O�O�R�Z�H�G�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� �Z�L�W�K�� �H�[�W�U�D�F�W�L�R�Q�V�� �E�H�L�Q�J��

performed using the Qiagen RNeasy Mini Kit detailed in  Table 3 .  

�$�U�R�X�Q�G���������P�J���R�I���W�L�V�V�X�H���Z�D�V���G�L�V�V�H�F�W�H�G���D�Q�G���S�O�D�F�H�G���L�Q�����������Ë�/���R�I���E�X�I�I�H�U��

RLT, with the tissue being homogenised using a micro pestle. The tissue 

was lysed for a minimum of 2  �K�R�X�U�V�� �D�W�� ���Û�&�� �Z�L�W�K�� �W�K�H�� �V�X�E�V�H�T�X�H�Q�W�� �O�\�V�D�W�H��

being transferred to a QIAShredder  (7965 4, Qiagen) . This was centrifuged 

at 17,000  x g  for 3 minutes with any homogenised lysate in the collection 

tube being kept for further analysis. 1 volume of 70% ethanol was added 

to the lysate which was centrifuged at 17,000  x g  for 30 seconds and 

transferred to a new spin column in two parts. For RNA extraction from liver 

samples, 1 volume of 50% ethanol was added to lysate instead of 70% 

ethanol to improve RNA yield  as recommended by the manufacturer . 

Following this, ���������Ë�/���R�I��Buffer RW1 was added to the spin column , followed 

�E�\�� �W�Z�R�� �Z�D�V�K�H�V�� �Z�L�W�K�� �������� �Ë�/�� �R�I�� �%�X�I�I�H�U�� �5�3�(���� �$�W�� �H�D�F�K�� �Z�D�V�K���� �V�D�P�S�O�H�V�� �Z�H�U�H��

centrifuged at 17,000  x g  for 30 seconds and any flow through was 

discarded. At the final wash with Buffer RPE, samples were centrifuged for 

3 minutes. Following the placement of the spin column into a new 

2.3 Methods 
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�(�S�S�H�Q�G�R�U�I���� �D�� �I�X�U�W�K�H�U�� �µ�G�U�\- �V�S�L�Q�¶�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �Z�L�W�K�� �V�S�L�Q�� �F�R�O�X�P�Q�V�� �E�H�L�Q�J��

centrifuged at 17,000  x g  for 1 minute. 15 �Ë�/���R�I���5�1�D�V�H- free water, which 

was used as an elution buffer, was added directly onto the membrane , 

incubated  for 1 minute and then centrifuged at 17,000  x g  for 1 minute at 

room temperature to isolate RNA. This step was repeated twice for a total 

�5�1�$���L�V�R�O�D�W�L�R�Q���R�I���������Ë�/����Isolated RNA was stored at - �����Û�&���� 

2. 3.3.2 RNA Concentration  

The quality of isolated  RNA was determined  using a NanoDrop 2000 

Spectrophotometer (ThermoFisher Scientific) with the ratio of absorbance 

being read at 230 nm, 260 nm and 280 nm. RNase - free water was used as 

a blank.  

RNA sample concentration was determined using the Qubit 4 

Fluorometer (ThermoFisher Scientific) , with either the Qubit RNA 

Quantification Broad Range or High Sensitivity Assay Kit Table 3 . 

Standards were  �I�L�U�V�W�� �U�H�D�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V����

�)�R�O�O�R�Z�L�Q�J�� �W�K�L�V���� �I�R�U�� �H�D�F�K�� �V�D�P�S�O�H���� ���� �Ë�/�� �R�I�� �G�\�H�� �Z�D�V�� �D�G�G�H�G�� �W�R�� �������� �Ë�/�� �R�I��

corresponding buffer to form a working solution. This was incubated in the 

dark for 3 minutes at room temperature. Following this,  ���������Ë�/���R�I���Z�R�U�N�L�Q�J��

solution was added to a Qubit Assay Tube ( Q32856, ThermoFisher 

Scientific) , �Z�L�W�K�������Ë�/���R�I���V�D�P�S�O�H. Concentrations were  read automatically by 

the instrument based on assay chosen.   
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2. 3.2 cDNA Synthesis and Quantitative Real -Time Polymerase 

Chain Reaction (qRT -PCR) 

2. 3.2.1 cDNA synthesis  

Following RNA quantification using the Qubit 4 Fluorometer, cDNA 

was synthesised using the High -Capacity cDNA Reverse Transcription Kit 

(Table 3 �������7�K�H���F�'�1�$���P�L�[���Z�D�V���S�U�H�S�D�U�H�G���D�V���S�H�U���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V 

(Table 6 ) �����µ�0�L�[�����¶���Z�D�V���P�D�G�H���X�S���R�I�������Ë�/���R�I�������[���5�7���%�X�I�I�H�U���������Ë�/���R�I�������[���5�7��

�5�D�Q�G�R�P�� �3�U�L�P�H�U�V���� �������� �Ë�/�� �R�I�� �G�1�7�3�� ���������� �P�0������ ���� �X�/�� �R�I�� �0�X�O�W�L�6�F�U�L�E�H�� �5�H�Y�H�U�V�H��

Transcriptase and 4������ �Ë�/�� �R�I��UltraPure DNase/RNase -Free Distilled Water 

(Table 3 ) .  

Table 6 :  Components of High -Capacity cDNA Reverse Transcription Kit . 

cDNA Solution  Volume  

10x RT Buffer  �����Ë�/ 

10x RT Random Primers  �����Ë�/ 

25x dNTP  ���������Ë�/ 

MultiScribe Reverse Transcriptase  �����Ë�/ 

UltraPure DNase/RNase -Free Distilled Water  ���������Ë�/ 

Total  �������Ë�/  

 

�)�R�U���µ�P�L�[�����¶�������������Q�J���± 1000 ng of RNA was isolated from extracted samples , 

with the remaining mix being made up of UltraPure DNase/RNase -Free 

Distilled Water ( Table 3 ), bringing the total volume of  �P�L�[�������W�R���������Ë�/�����%�R�W�K��

�P�L�[�H�V�� �Z�H�U�H�� �P�L�[�H�G�� �E�\�� �S�L�S�H�W�W�L�Q�J�� �Z�L�W�K�� �W�R�W�D�O�� �F�'�1�$�� �Y�R�O�X�P�H�� �E�H�L�Q�J�� ������ �Ë�/�� �S�H�U��

sample. R everse transcription was performed  using Agilent Technologies 
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SureCycler 8800 with the reaction cycle being outlined in  Table 7 . cDNA 

was stored at -8���Û�&���X�Q�W�L�O���U�H�T�X�L�U�H�G���� 

Table 7 :  Thermal cycler reverse transcription programme . 

Stage  �7�H�P�S�H�U�D�W�X�U�H�����Û�&�� Time (minutes)  

Denaturation  25  10  

Annealing  37  120  

Elongation  85  5 

Storage  4 Infinite  

 

2. 3.2.2 qRT-PCR 

qRT-PCR was performed using TaqMan Gene Expression Assays with 

FAM reporter  (Table 5 ) �������������Ë�/���R�I��each assay for the gene of interest was 

�X�V�H�G�� �W�R�� �F�U�H�D�W�H�� �D�� �P�L�[�� �Z�L�W�K�� ���� �Ë�/�� �R�I��TaqMan Fast Universal Master Mix per 

reaction  (Table 3 ) . 25  ng  of cDNA  was added per reaction with the 

remaining volume being comprised of UltraPure DNase/RNase -Free 

Distilled Water ( Table 3 ) to make a final volume of  �������Ë�/���S�H�U���Z�H�O�O�����$���Q�R�Q-

transfected control was also used to verify the validity of expression data 

�Z�K�H�U�H�������Ë�/���R�I���F�'�1�$���Z�D�V���U�H�S�O�D�F�H�G���Z�L�W�K�������Ë�/���R�I��UltraPure DNase/RNase -Free 

Distilled Water ( Table 3 ) . All reactions were prepared in triplicates.  

Reactions were prepared using MicroAmp Fast Optical 96 -Well 

Reaction Plate ( N8010560, Applied Biosystems) and sealed with MicroAmp 

Optical Adhesive Film ( 4311971, Applied Biosystems). Plates were 

centrifuged at 100  x g  for 1 minute before being loaded onto a QuantStudio 
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6 Flex  Real-Time PCR System (Applied Biosystems) for mRNA gene 

expression quantification using the programme outlined in  Table 8 . 

Table 8 :  QuantStudio 6 Flex RT -PCR programme . 

Stage  �7�H�P�S�H�U�D�W�X�U�H�����Û�&�� Time ( Seconds )  

Incubation  95  20  

Denature  95  1 

Anneal  60  20  

Note: Denaturing and annealing step repeat ed for 40 cycles until PCR reaction is 

complete.  

2. 3.2.3 qRT-PCR analysis  

For the purpose  of analysis, all qRT -PCR assays were performed in 

triplicates.  Two endogenous controls were used in this study �± �Ã-actin  and 

Gapdh . The average cycle threshold (C T)  values were determined with only 

CT values within 0.5 difference of each other  for triplicates  being included 

�L�Q���W�K�H���D�Q�D�O�\�V�L�V�����7�K�H���©�&T,  �©�©�&T and relative quantification  (RQ) were used to 

calculate the fold change in mRNA expression with all control samples being 

normalised to a value of 1. The calculations used are outlined in  Table 9 . 

All analysis was performed in Microsoft Excel 2016.  

Table 9 :  Formulae used to calculate mRNA expression fold change for qRT -PCR. 

Formula Component  Equation  

�©�&T Average treated gene C T �± average endogenous control C T 

�©�©�&T �©�&T treated gene -  �©�&T untreated gene  

RQ (fold change)  2^ - �©�©�&T 
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2. 3.3 RNA-sequencing  

2. 3.3.1 Overview  

RNA-sequencing was performed  on 4 -month -old wildtype and 

Pkhd1 T37M/T37M  mouse kidney s and lung s. L ibrary preparations and 

sequencing were performed  by Novogene  with analysis being  carried out  

via  Galaxy (version 22.05 )  and its integrated tools , outlined  below .  

An initial quality assessment of sequenced reads was performed using 

�µ�)�D�V�W�4�&�¶ (Andrews, 2010) ���� �)�R�O�O�R�Z�L�Q�J�� �W�K�L�V���� �µ�&�X�W�D�G�D�S�W�¶ (Martin, 2011)  was 

used to remove low quality reads and trim unwanted adapter sequences 

before a further quality assessment was performed.  Using the conventional 

pipeline for RNA -sequencing analysis ( Figure 8 ), reads were aligned to the 

�(�Q�V�H�P�E�O�� �P�R�X�V�H�� �U�H�I�H�U�H�Q�F�H�� �J�H�Q�R�P�H�� �µ�*�5�&�P�����¶ (Table 10 )  �X�V�L�Q�J�� �µ�+�,�6�$�7���¶ 

(Kim, Langmead & Salzberg, 2015) �����µ�6�R�U�W�6�D�P�¶���D�Q�G���µ�0�D�U�N�'�X�S�O�L�F�D�W�H�V�¶��(Broad 

Institute, 2016)  were additional tools used during the alignment step to 

sort and mark any duplicate reads identified from BAM files outputted from 

�µ�+�,�6�$�7���¶�����$�I�W�H�U���D�O�L�J�Q�P�H�Q�W���D�Q�G���D��subsequent quality assessment of aligned 

reads, the number of reads aligned to genomic features were counted using 

�µ�)�H�D�W�X�U�H�&�R�X�Q�W�V�¶ (Liao, Smyth & Shi, 2014) . This was followed by removal 

�R�I���X�Q�Z�D�Q�W�H�G���Y�D�U�L�D�W�L�R�Q���I�U�R�P���V�H�T�X�H�Q�F�L�Q�J���G�D�W�D���X�V�L�Q�J���µ�5�8�9�6�H�T�¶ (Risso et al. , 

2014) . Differ entially expressed genes  (DEGs)  were identified using 

�µ�'�(�6�H�T���¶ (Love, Huber & Anders, 2014)  and gene set enrichment analysis 

was performed using  �µ�)�J�V�H�D�¶ (Korotkevich et al. , 2021) . Validation was 

performed by  qRT-PCR.  
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Figure 8 : RNA - sequencing analysis pipeline . Library  preparations and sequencing 
were performed by Novogene with analysis being carried out via Galaxy (version 22.05) 
and its integrated tools.  
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Table 10 : A list of all data files used for the alignment and annotation of RNA -sequencing 
data.  

File  Location  Citation  

Mus_musculus.GRCm39.dna_sm.pr

imary_assembly.fa.gz  

https://www.ensembl.org/

Mus_musculus/Info/Index  

(Cunningham et 

al. , 2022)  

Mus_musculus.GRCm39.105.gtf.gz  
https://www.ensembl.org/

Mus_musculus/Info/Index  

(Cunningham et 

al. , 2022)  

M2.all.v2022.1.Mm.symbols.gmt  

https://www.gsea -

msigdb.org/gsea/msigdb/

mouse/collections.jsp  

(Subramanian et 

al. , 2005; 

Liberzon et al. , 

2011, 2015)  

 

2. 3.3.2 Library preparation and sequencing  

RNA was isolated using the extraction protocol described  in section 

�µ2. 3.1.1 �5�1�$�� �,�V�R�O�D�W�L�R�Q�¶��and sent to Novogene for library preparation and 

sequencing. Sequencing was performed using the Illumina NovaSeq 6000 

system. Library preparations were created using NEBNext Ultra II 

Directional RNA Library Prep Kit  for Illumina libraries to produce paired -

end , unstranded, ribosomal depleted libraries  with reads totalling 150 base 

pairs  in length.  

2. 3.3.3 Quality assessments of sequenced data  

Quality control of raw sequencing files was assessed using the 

�µ�)�D�V�W�4�&�� ���J�D�O�D�[�\�� �Yersion ���������� ���� �J�D�O�D�[�\�����¶�� �W�R�R�O���� �7�K�L�V�� �L�Q�F�O�X�G�H�G�� �D�V�V�H�V�V�L�Q�J��

sequence quality; identifying the GC content distribution (per base and per 

sequence); identifying percentage of uncertain base calls (per base N 
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content); determining the percentage of duplicated and overrepresented 

sequences; and to identify the presence of adapter sequences.  

2. 3.3.4 Read trimming  

Following the quality assessments of sequenced data, read trimming 

�Z�D�V���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���µ�&�X�W�D�G�D�S�W�����J�D�O�D�[�\���Yersion �������������J�D�O�D�[�\�����¶���W�R���G�L�V�F�D�U�G��

unwanted adapter sequences, poly -A tails and poor -quality reads. Reads 

were set to paired end reads with both raw fastq.gz sequencing files per 

sample being inputted for trimming. Settings were altered to cut 10 bases 

from each r ead before adapter and poly -A trimming settings were applied. 

The minimum read length was set to 125 with the maximum read length 

set to 150 �± any reads out of this range were discarded. The quality cut off 

was set to trim any low -quality bases with a Phred score below 20 on both 

reads to ensure a base call accuracy of 99% before the programme was 

executed. A further quality control step was perf �R�U�P�H�G�� �R�I�� �W�K�H�� �µ�&�X�W�D�G�D�S�W�¶��

�R�X�W�S�X�W���I�L�O�H�V���X�V�L�Q�J���W�K�H���µ�)�D�V�W�4�&�¶���W�R�R�O���W�R���I�X�U�W�K�H�U���H�Y�D�O�X�D�W�H���V�H�T�X�H�Q�F�H���T�X�D�O�L�W�\���� 

2. 3.3.5 Read alignment  

Sequences were aligned to the Ensembl mouse reference genome 

�µ�*�5�&�P�����¶���X�V�L�Q�J���G�H�I�D�X�O�W���S�U�R�J�U�D�P�P�H���V�H�W�W�L�Q�J�V���R�Q���W�K�H���µ�+�,�6�$�7�������J�D�O�D�[�\���Yersion 

�����������������J�D�O�D�[�\�����¶���W�R�R�O�����%�R�W�K���µ�&�X�W�D�G�D�S�W�¶���)�$�6�7�$���R�X�W�S�X�W���U�H�D�G�V���Z�H�U�H���X�V�H�G���I�R�U��

�W�K�L�V�� �S�U�R�J�U�D�P�P�H�� �Z�L�W�K�� �µ�+�,�6�$�7���¶�� �R�X�W�S�X�W�W�L�Q�J�� �%�$�0�� �I�L�O�H�V�� �I�R�U�� �I�X�U�W�K�H�U�� �D�Q�D�O�\�V�L�V����

�)�X�U�W�K�H�U�� �V�W�H�S�V�� �R�I�� �D�O�L�J�Q�P�H�Q�W�� �L�Q�F�O�X�G�H�G�� �X�V�L�Q�J�� �G�H�I�D�X�O�W�� �V�H�W�W�L�Q�J�V�� �I�R�U�� �µ�6�R�U�W�6�D�P��

(Picard) (galaxy v ersion �������������������¶���W�R���V�R�U�W���W�K�H���%�$�0���G�D�W�D�V�H�W�V���I�U�R�P���µ�+�,�6�$�7���¶����

�%�$�0�� �I�L�O�H�V�� �R�X�W�S�X�W�W�H�G�� �I�U�R�P�� �µ�6�R�U�W�6�D�P�¶�� �Z�H�U�H�� �W�K�H�Q�� �I�X�U�W�K�H�U analysed using 
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�G�H�I�D�X�O�W���V�H�W�W�L�Q�J�V���R�Q���W�K�H���µ�0�D�U�N�'�X�S�O�L�F�D�W�H�V�����3�L�F�D�U�G�������J�D�O�D�[�\���Yersion �������������������¶��

tool to mark duplicate reads.  

Additional steps for quality control were performed using QualiMap 

�W�R�R�O�V�� �µ�4�X�D�O�L�0�D�S�� �5�1�$-Seq QC (galaxy v ersion �����������F�� ���� �J�D�O�D�[�\�����¶�� �D�Q�G��

�µ�4�X�D�O�L�0�D�S�� �%�D�P�� �4�&�� ���J�D�O�D�[�\�� �Yersion �����������F�� ���� �J�D�O�D�[�\�����¶���� �%�$�0�� �G�D�W�D�V�H�W�� �I�L�O�H�V��

�I�U�R�P�� �µ�0�D�U�N�'�X�S�O�L�F�D�W�H�V�¶�� �Z�H�U�H�� �L�Q�S�X�W�W�H�G�� �I�R�U�� �T�X�D�O�L�W�\�� �F�R�Q�W�U�R�O�� �D�V�V�H�V�V�P�H�Q�W�V����

�&�R�X�Q�W�L�Q�J���P�R�G�H���L�Q���µ�4�X�D�O�L�0�D�S���5�1�$- �6�H�T���4�&�¶���Z�D�V���V�H�W���W�R���F�R�X�Q�W���I�U�D�J�P�H�Q�W�V���Z�L�W�K��

remaining settings set as default. Default settings were also used for 

�µ�4�X�D�O�L�0�D�S���%�$�0���4�&�¶���� 

2. 3.3.6 Read counting  

Following alignment, the number of reads aligned to genomic 

�I�H�D�W�X�U�H�V�� �Z�H�U�H�� �F�R�X�Q�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �µ�)�H�D�W�X�U�H�&�R�X�Q�W�V�� ���J�D�O�D�[�\�� �Yersion 2.0.1 + 

�J�D�O�D�[�\�����¶���W�R�R�O�����%�$�0���D�O�L�J�Q�P�H�Q�W���I�L�O�H�V���I�U�R�P���µ�0�D�U�N�'�X�S�O�L�F�D�W�H�V�¶���Z�H�U�H���L�Q�S�X�W�W�H�G���I�R�U��

analysis , �Z�L�W�K���(�Q�V�H�P�E�O�¶�V���J�H�Q�H���W�U�D�Q�V�I�H�U���I�R�U�P�D�W�����J�W�I�����D�Q�Q�R�W�D�W�L�R�Q���I�L�O�H���X�V�H�G���I�R�U��

gene annotations. Strand information was set to unstranded to match 

strand settings used to produce BAM input files. Paired -end reads were set 

to count fragments instead of reads , and only fragments with both reads 

aligned were read. The minimum mapping quality per read was set to 

discard anything with a Phred score less than 10. Remaining settings were 

left at default before programme was executed.  
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2. 3.3.7 Removing unwanted variance  

RNA- �V�H�T�X�H�Q�F�L�Q�J�� �G�D�W�D�� �Z�D�V�� �Q�R�U�P�D�O�L�V�H�G�� �X�V�L�Q�J�� �W�K�H�� �µ�5�8�9�6�H�T�� ���J�D�O�D�[�\��

version �������������� ���� �J�D�O�D�[�\�����¶�� �W�R�R�O���� �7�K�L�V�� �L�P�S�O�H�P�H�Q�W�V�� ���� �G�L�I�I�H�U�H�Q�W�� �P�H�W�K�R�G�V�� �W�R��

�H�V�W�L�P�D�W�H���D�Q�G���F�R�Q�W�U�R�O���I�R�U�� �X�Q�Z�D�Q�W�H�G���Y�D�U�L�D�W�L�R�Q���� �7�K�L�V�� �L�Q�F�O�X�G�H�V�� �µ�5�8�9�J�¶���� �µ�5�8�9�V�¶��

�D�Q�G�� �µ�5�8�9�U�¶�� �Z�K�L�F�K�� �H�V�W�L�P�D�W�H�� �I�D�F�W�R�U�V�� �R�I�� �X�Q�Z�D�Q�W�H�G�� �Y�D�U�L�D�W�L�R�Q�� �X�V�L�Q�J�� �F�R�Q�W�U�R�O��

genes, replicate samples and residuals, respecti vely. Factor level analysis 

was performed with test conditions being specified as factor levels 1 and 2 

(Pkhd1 T37M/T37M  vs wildtype, respectively). Corresponding count files were 

also selected for analysis. The minimum number of factors of unwanted 

variation was set to 1 to factor differences in condition with the maximum 

number of factors varying between 1 and 3 depending  on dataset outputs 

and level of variance observed. Remaining settings were left at default. For 

�W�K�L�V���V�W�X�G�\�����µ�5�8�9�U�¶���Z�D�V���G�H�H�P�H�G���W�K�H���P�R�V�W���D�S�S�O�L�F�D�E�O�H���P�H�W�K�R�G���R�I���D�Q�D�O�\�V�L�V���� 

2. 3.3.8 Differential gene expression analysis  

�'�L�I�I�H�U�H�Q�W�L�D�O�� �J�H�Q�H�� �H�[�S�U�H�V�V�L�R�Q�� �D�Q�D�O�\�V�L�V�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �µ�'�(�6�H�T����

(galaxy v ersion 2.11.40.7 + galaxy2). Using the factor analysis method, 

factor levels 1 and 2 were set to specify differences in experimental 

condition ( Pkhd1 T37M/T37M  vs wildtype, respectively). No other factors were 

incorporated at this stage of analysis since any additional levels of variation 

e.g., background and age will have already been accounted for  by using 

�µ�5�8�9�6�H�T�¶���� �7�K�H�� �W�D�E�X�O�D�U�� �I�L�O�H�� �S�U�R�G�X�F�H�G�� �I�U�R�P�� �5�8�9�6�H�T�� �Z�D�V�� �V�H�O�H�F�W�H�G�� �W�R��

incorporate t hese additional batch factors with remaining settings left at 

default.  
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�µ�$�Q�Q�R�W�D�W�H�� �'�(�6�H�T���'�(�;�6�H�T�� �R�X�W�S�X�W�� �W�D�E�O�H�V�� ���J�D�O�D�[�\�� �Y�������������¶�� �Z�D�V��

�H�[�H�F�X�W�H�G�� �R�Q�� �W�K�H�� �I�L�O�H�� �R�X�W�S�X�W�� �I�U�R�P�� �µ�'�(�6�H�T���¶�� �W�R�� �I�X�U�W�K�H�U�� �S�U�R�Y�L�G�H�� �D�G�G�L�W�L�R�Q�D�O��

information such as gene symbols and position . �(�Q�V�H�P�E�O�¶�V�� �J�W�I���D�Q�Q�R�W�D�W�L�R�Q��

file was used as a reference file.  

2. 3.3.9 Gene set enrichment analysis  (GSEA)  

Gene set enrichment analysis  (GSEA)  �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �µ�)�J�V�H�D��

(galaxy v ersion ������������ ���� �J�D�O�D�[�\�����¶���� �$���U�D�Q�N�H�G���J�H�Q�H�V���I�L�O�H���Z�D�V���F�U�H�D�W�H�G���X�V�L�Q�J��

gene symbols and a ranked Wald - �W�H�V�W�� �O�L�V�W�� �I�U�R�P�� �W�K�H�� �µ�$�Q�Q�R�W�D�W�H��

�'�(�6�H�T���'�(�;�6�H�T���R�X�W�S�X�W���W�D�E�O�H�V�¶���R�X�W�S�X�W���I�L�O�H�����$���J�H�Q�H���V�H�W�V���I�L�O�H���F�R�Q�W�D�L�Q�L�Q�J���D���O�L�V�W��

of gene sets was obtained from Molecular Signature Database (MS igDB) 

and selected with the programme set to output plots. The remaining 

settings were left as default.  
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2. 3.4 Sodium Dodecyl -Sulphate Polyacrylamide Gel 

Electrophoresis ( SDS-PAGE) Western Blot  

2. 3.4.1  Protein extraction  

Around ������ �P�J�� �R�I�� �W�L�V�V�X�H�� �Z�D�V�� �G�L�V�V�H�F�W�H�G�� �D�Q�G�� �L�P�P�H�U�V�H�G�� �L�Q�� �������� �Ë�/�� �R�I��

RIPA buffer  (Table 4 ) . The dissected tissue was homogenised using a micro 

pestle �E�H�I�R�U�H�� �D�G�G�L�Q�J�� ������ �Ë�/�� �R�I�� �S�U�R�W�H�D�V�H�� �L�Q�K�L�E�L�W�R�U�� �F�R�F�N�W�D�L�O�� ���3�,�&����(Table 3 ) 

�D�Q�G�� �D�� �I�X�U�W�K�H�U�� �������� �Ë�/�� �R�I�� �5�,�3�$�� �E�X�I�I�H�U���� �7�K�L�V�� �V�R�O�X�W�L�R�Q�� �U�H�P�D�L�Q�H�G�� �F�R�Q�V�W�D�Q�W�O�\��

�D�J�L�W�D�W�H�G�� �I�R�U�� �D�� �P�L�Q�L�P�X�P�� �R�I�� ���� �K�R�X�U�V�� �D�W�� ���Û�&. After this, the solution was 

centrifuged for 20 minutes at 13,800 x g �D�W�����Û�&�����7�K�H���V�X�S�H�U�Q�D�W�D�Q�W���Z�D�V���W�K�H�Q��

collected and placed in a fresh Eppendorf tube and stored at - �����Û�&���� 

2. 3.4.2 Protein concentration  

The protein  concentration was quantified using Protein Assay Kit II 

(Table 3 ) �U�H�D�J�H�Q�W�V���$�����%���D�Q�G���6�������������Ë�/ of protein was added to a 96 -well 

�S�O�D�W�H���������P�/���R�I���U�H�D�J�H�Q�W���$���D�Q�G���������Ë�/���R�I���U�H�D�J�H�Q�W���6��were added together and 

�Y�R�U�W�H�[�H�G���W�R���F�U�H�D�W�H���D���P�L�[�����������Ë�/���R�I���W�K�L�V���P�L�[���Z�D�V���D�G�G�H�G���W�R���W�K�H������-well plates 

and  �D�� �I�X�U�W�K�H�U�� �������� �Ë�/�� �R�I�� �U�H�D�J�H�Q�W�� �%�� �Z�H�U�H�� �D�G�G�H�G�� �W�R�� �W�K�H�� �Z�H�O�O�V���� �7�K�L�V�� �Z�D�V��

incubated at room temperature for 10 minutes  and t he protein absorbance 

was read at 650 nm by a Multiskan FC Microplate Photometer  

(ThermoFisher Scientific) . The concentration of each sample was calculated 

using Microsoft Excel 2016 .  
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2. 3.4.3 Gel preparation  

Both resolving and stacking gels were made for the purpose of protein 

separation and to enable equal protein loading, respectively. The resolving 

gel was prepared in accordance with the molecular weight of the protein of 

interest whilst the stacking gel percentage remained constant throughout  

(Table 11 ) . Ammonium Persulfate (APS) , an oxidising agent, and 

Tetramethylethylenediamine (TEMED)  (Table 3 ) were used as catalysts for 

the polymerisation of bis -acrylamide gels. 1.5 mm spacer plates with 

integrated spacers (1653312 , Bio -Rad) were used  with around  500  �Ë�/�� �R�I��

isopropanol being used to ensure straight gel formation and the removal of 

bubbles.  

Once the resolving gel had polymerised , the stacking gel was placed 

on top , with a 10 -well comb (1653365 , Bio -Rad)  being used to form the 

wells. Gels were left to sit for around 20 minutes  each. Once the stacking 

gel had formed, the combs were carefully removed,  and the gels were ready 

for sample loading.  
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Table 11 :  Reagents for preparing resolving and stacking gel .  

SDS - PAGE 
Resolving Gel  

12%  10%  7.5%  4%  Stacking Gel  

H2O 3.35 mL  4.00 mL  4.85 mL  6.00 mL  3.4 mL  

1.5M Tris pH 8.8  2.50 mL  2.50 mL  2.50 mL  2.50 mL  -  

1M Tris pH 6.8  -  -  -  -  ���������Ë�/ 

30% ProtoGel 

Acrylamide  
4.00 mL  3.34 mL  2.50 mL  1.33 mL  ���������Ë�/ 

10% SDS  ���������Ë�/ ���������Ë�/ ���������Ë�/ ���������Ë�/ �������Ë�/ 

10% APS �������Ë�/ �������Ë�/ �������Ë�/ ���������Ë�/ �������Ë�/ 

TEMED �����Ë�/ �����Ë�/ �����Ë�/ �������Ë�/ �����Ë�/ 

Note: All reagents, buffers and solutions listed in this table are detailed in Table 3  and 

Table 4 . 

 

2. 3.4.4  Sample preparation and gel electrophoresis  

Gels were placed in Mini -PROTEAN Tetra Vertical Electrophoresis Cell 

using the Electrode Assembly cassette (1658004, Bio -Rad)  and immersed 

in 1x Running Buffer  (Table 4 ) . Samples were prepared with the 

appropriate volume of protein to ensure equal protein loading  

concentration , NuPAGE LDS Sample Buffer (1x)  (Table 3 )  and distilled 

water. These were then centrifuged at 3,500 x g  for 30 seconds, heated for 

10 minutes on the heat block and then centrifuged again at 3,500 x g  for 

30 seconds. For high molecular weight protein  analysis  ���!�����������N�'�D�����������Ë�/��

of Dithiothreitol (DTT) (Table 3 ) was added to sample preparation with 

samples being heated for 15 minutes instead of 10 minutes. Samples were 

then loaded into each well appropriately with 3 - �����Ë�/���R�I��Wide Range Blue -

Red-Green Three Color Protein Ladder ( Table 3 ) being loaded in the last 

well as a protein reference marker. For high molecular weight protein  
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detection  ���!���������N�'�D�������������Ë�/���R�I���+�L�0�D�U�N���3�U�H-stained Protein Standard (Table 

3 ) was loaded into the last well as a protein reference marker. Gels were 

then run  using the PowerPac Basic Power Supply ( 1645050, Bio -Rad)  at 

150 V, 300 mA for 1 hour or until the protein ladder had distinguishably 

separated.  

2. 3.4.5 Blotting  

For blotting, all the following materials , including the  foam pads 

(1703933, Bio -Rad) , filter paper (10675935, Fisher Scientific) and 

Immobilon -P PVDF Membrane (IPVH00010, Merck) were first soaked in 1x 

Transfer Buffer with Methanol ( Table 4 ) . For high molecular weight 

proteins, 1x Transfer Buffer without Methanol was used instead to assist 

protein mobility between the gel and PVDF membrane , as recommended 

by manufacturers  (Table 4 ). After this, a sponge was placed in the transfer 

cassette , layered with one  sheet  of filter paper. The gel was sandwiched on 

top of the filter paper and an appropriate size of PVDF Membrane  was 

placed on top. This was further layered with another sheet of filter paper 

and a final foam pad to complete the transfer sandwich. This was 

transferred to the transfer apparatus and immersed in either 1x Transfer 

Buffer or 1x Transfer Buffer in Methanol, as appropriate . Proteins were 

transferred from the gel to the membrane  using the PowerPac Basic Power 

Supply  at 70 V, 30 0 mA  for 1 hour and 30 minutes. For high molecular 

weight proteins (>400 kDa), transfer was performed at 20 V, 150 mA for 

16 hours.  
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2. 3.4.6 Reducing non -specific binding and antibody staining  

Once the blotting step was complete, the membrane was incubated 

in 5% non - fat dry milk in Tris -Buffered Saline with Tween (TBST)  (Table 

4 )  for at least 1 hour at room temperature to reduce non -specific binding. 

Primary antibodies were prepared in 2% non - fat dry milk in TBST . The 

membrane w as then incubated in primary antibody in a sealed plastic bag 

�R�Y�H�U�Q�L�J�K�W���D�W�����Û�&�����2�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���G�D�\�����W�K�H���P�H�P�E�U�D�Q�H���Z�D�V���U�H�P�R�Y�H�G���D�Q�G��

washed three times for 10 minutes  each  in TBST before being incubated in 

secondary antibody (diluted in  2%  non - fat dry milk in TBST) for 1 hour at 

room temperature. All antibody  product  details can be found listed in Table 

2  with dilution  factors used listed in  Table 12 . 

Table 12 : Dilution factors for  primary and secondary  antibodies used in SDS -PAGE 
western blot.  

Protein  Dilution Factor  

Aquaporin -2 1:500  

E-Cadherin  1:1,000  

Fibrocystin  1:1,000  

Gapdh  1:5,000  

Goat Anti -Mouse IgG (HRP)  1: 5,000  

Goat Anti -Rabbit IgG (HRP)  1: 5,000  

Goat Anti -Rat IgG (HRP)  1:10,000  

Non - �3�K�R�V�S�K�R�����$�F�W�L�Y�H�����Ã-Catenin  1:1,000  

Phosphorylated (Total) �Ã-Catenin  1:1,000  

Scribble  1:1,000  
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2. 3.4.7 Detection  

The membrane was washed three times for 10 minutes each in TBST 

following secondary antibody incubation. EZ -Chemiluminescence (EZ -ECL) 

(Table 3 ) was prepared by mixing 1 volume  each  of  reagent A and reagent 

B and added to the membrane before being left at room temperature for 

2-5 minutes. Excess  EZ-ECL solution was removed from the membrane and 

the membrane was wrapped in cling film and placed in a cassette  

(RPN11649, Scientific Laboratory Supplies) . This was exposed to a  clear 

blue X - ray film (34090, ThermoFisher Scientific)  with exposure times 

varying depending on signal strength . The X- ray film was develope d and 

fixed (Table 3 ) before being rinsed with water and left to dry.  

2. 3.4.8  Western blot analysis  

ImageJ  (FIJI)  version 1.53f51 (Schindelin et al. , 2012)  was used for 

analysis  of western blot results. Using ImageJ , measurements were set to 

output �µmean gray value �¶. Selections were made using the �µrectangle �¶��tool 

to highlight bands of interest . Measurements of each band were taken for 

proteins of interest , loading control and a background measurement. All 

data was  extracted and  analysed in Microsoft Excel 2016. Pixel density was 

inverted using the formula (255 �± mean gray value) for each band with the 

net protein being identified by (inverted band value �± inverted 

background). A ratio was calculated using (net protein for band �± net 

protein for loading control) of which results were averaged and normalised 

to identify changes in protein expression.   
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2. 3.5 Histology and Immunostaining  

2.3.5.1 Haematoxylin and Eosin (H&E) Staining  

H&E staining was performed on wildtype and  Pkhd1 T37M/T37M  mouse 

kidney, lung, and liver tissues. H&E-stained slides were provided by the 

Mary Lyon Centre at MRC Harwell at P2, 4 -month s-old, and /or  9-month s-

old. Images were captured using a Leica DM750 and processed with the 

software Leica Application Suite EZ version 3.3.1.  

2. 3.5.2 Immunofluorescence (IF)  

I F was performed on  wildtype and  Pkhd1 T37M/T37M  mouse kidney  and 

liver tissues  at 4 -months -old and /or  9-months -old .  

2. 3.5.2.1  Paraffin Embedded Sections  

Tissues  were fixed in  10% neutral -buffered formalin (NBF) before 

being embedded in  paraffin wax and sectioned for IF staining . Prior to 

staining, p araffin embedded tissues were first deparaffinated and 

rehydrated by washing slides in xylene twice, followed by washes with 

100% ethanol (Table 3 ) twice at 5 -minute intervals. Slides were 

subsequently washed in 95% ethanol, 70% ethanol and finally , 50% 

ethanol for 5 minutes each and then run under cold tap water to rinse.  

Following this, antigen retrieval was performed by heating slides in 

pre -warmed 1 mM Ethylenediaminetetraacetic Acid ( EDTA) (Table 4 ) for 

10 minutes before being washed in TBST three times for 5 minutes each. 

The tissues were then incubated for 20 minutes at room temperature in 50 
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mM Ammonium Chloride ( NH4Cl) in 1x TBS  (Table 3 )  to quench free 

aldehyde groups before later being followed with two further washes in  

TBST for 5 minutes each. Unspecific binding was blocked by placing slides 

in 10% milk powder in TBS T for 1 hour at  room  temperature. This was 

followed by incubating slides overnight at 4°C in primary antibody diluted 

in 1% milk powder in TBS T. Post - incubation, slides were washed three 

times for 5 minutes each before being incubated with secondary antibody 

for 1 hour at room temperature, in the dark. All antibody product details  

can be found listed in Table 2  with dilution  factor s used listed in  Table 13 . 

A final set of three washes with TBST in 5 -minute intervals was performed 

�E�H�I�R�U�H�� �D�S�S�O�\�L�Q�J�� ������ �Ë�/�� �R�I�� �9�(�&�7�$�6�+�,�(�/�'�� �$�Q�W�L�I�D�G�H�� �0�R�X�Q�W�L�Q�J�� �0�H�G�L�X�P�� �Z�L�W�K��

DAPI ( Table 3 ) and mounting coverslips on slides . This was sealed with 

clear nail varnish with slides being processed in the dark and stored at 4°C 

for up to a week. Fluorescent images were captured  using a ZEISS LSM800 

confocal microscope with images being processed using the Zen Blue 

software  version 2.6 .  

2. 3.5.2.2 Cryosections  

Tissues were fixed in 10% NBF before being transferred in to 30% 

sucrose , embedded in a frozen block, and sectioned for staining . 

Cryosections were rehydrated with 1x Tris -Buffered Saline (TBS) for 10 

minutes.  Following this, unspecific binding was blocked by placing slides in 

10% milk powder in TBST for 1 hour  at room temperature before being 

incubated overnight at 4°C in primary antibody diluted in 1% milk powder 
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in TBST. The remaining protocol post - incubation remained the same as 

previously described in section �µ2.3.5.1.1  �3�D�U�D�I�I�L�Q���(�P�E�H�G�G�H�G���6�H�F�W�L�R�Q�V�¶. All 

antibody product details can be found listed in Table 2  with dilution factors 

used listed in Table 13 . 

Table 13 : Dilution factors for primary and secondary antibodies used in IF.  

Protein  Dilution Factor  

�$�F�H�W�\�O�D�W�H�G���.-Tubulin  1:500  

Caveolin -1 1:800  

Cytokeratin  1:300  

Donkey Anti -Rabbit IgG Alexa Fluor 594  1:1,000  

Goat Anti -Mouse IgG Alexa Fluor 488  1:500 -1,000  

Phalloidin  1:500  

 

2. 3.5.2 �������¶-Diaminobenzidine (DAB)  Staining  

Paraffin embedded sections were processed as previously described 

�L�Q�� �V�H�F�W�L�R�Q�� �µ�������������������� �3�D�U�D�I�I�L�Q�� �(�P�E�H�G�G�H�G�� �6�H�F�W�L�R�Q�V�¶���� �3�R�V�W-overnight 

incubation with primary antibod y diluted in 1% milk powder in TBST, slides 

were washed with TBST in three 5 -minute intervals.  All antibody product 

details can be found listed in Table 2  with dilution factors used listed in  

Table 14 . Using the VECTASTAIN Elite ABC -HRP Kit ( Table 3 ), slides were 

incubated with either biotinylated anti -mouse IgG or biotinylated anti -

rabbit IgG at a 1:50 dilution in 2% normal horse serum  (1:50 dilution)  in  

Phosphate Buffered Saline  (PBS) for 30 minutes at room temperature. 

Slides were washed again as previously described with sections then being 

incubated with Elite ABC Reagent A and B  (mixed 30 minutes prior to use 
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to allow complex formation), each at a 1:50 dilution , in PBS for 30 minutes 

at room temperature. Slides were washed with TBST three times for 5 

minutes each  with bound antibodies being visualised �E�\�� �������¶-

Diaminobenzidine Tablets ( Table 3 ). Following the formation of a brown 

precipitate, slides were placed in distilled water and washed for 5 minutes 

with gentle agitation. Nuclei were counterstained for 20 seconds in 

Haematoxylin (Table 3 ) and washed with running tap water for 5 minutes. 

Slides were then dehydrated via washes in 70%, 90% and 100% Ethanol 

(Table 3 ) in 1 -minute intervals ; cleared by two 10 -minute incubations with 

HistoChoice Clearing Agent ( Table 3 ); and mounted using DPX Mountant 

(Table 3 ). Images were captured the following day using a Leica DM750  

and processed with the software Leica Application Suite EZ v ersion  3.3.1.  

Table 14 : Dilution factors for primary and secondary antibodies used in DAB staining.  

Protein  Dilution Factor  

Aquaporin -2 1:500  

Donkey Anti -Rabbit IgG Alexa Fluor 594  1:1,000  

Non - �3�K�R�V�S�K�R�����$�F�W�L�Y�H�����Ã-Catenin  1:500  

�. -Smooth Muscle Actin  1:1,000  
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2. 3.6 Kidney Tubular Dilation  

Length to width ratio (LWR) was quantified using ImageJ. This 

analysis was performed on P2 and 4 -month -old Pkhd1 T37M/T37M  mouse 

kidneys . �8�V�L�Q�J�� �W�K�H�� �µ�O�L�Q�H�¶�� �W�R�R�O���� �W�K�H�� �O�H�Q�J�W�K�� �D�Q�G�� �Z�L�G�W�K�� �R�I�� �H�D�F�K�� �W�X�E�X�O�H�� �Z�D�V��

measured from images of H&E -stained sections, taken at 40x magnification  

(Figure 9 ) . The LWR was calculated using the following equation: LWR = 

L/W where L is the length of each line and W is the width of each line. A 

lower LWR indicated increased tubular dilation. 40 tubules were quantified 

per mouse with a total of 4 mice being included per genotype (total 160 

tubules quantified per genotype). For further analysis, 40 tubules were 

quantified per region (inner medulla, medulla and cortex), per mouse. 4 

mice were included per genotype (total 160 tubules quantified per region 

per genotype).
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Figure 9 :  Quantification method of tubular dilation in P2 and 4 - month - old wildtype and Pkhd1
T37M/T37M

 mouse kidneys. Tubular 
dilation was quantified via ImageJ. For quantification, length (L)  and width (W)  was measured as depicted above. The length to width 
ratio (LWR) was determined using the following equation: LWR = L/W . A lower LWR indicated increased tubular dilation  40 tubules were 
quantified per mouse with 4 mice included per genotype (total 160 tubules quantified per genotype). For further analysis, 40 tubules were 
quantified per region (inner medulla, medulla, and cortex), per mouse. 4 mice were included per genot ype (total 160 tubules quantified 
per region per genotype).  All comparisons were perfor med at 40x magnifications.  Scale bar = 50 �Ëm.



 

107   
 

2. 3.7 Cilia Analysis  

Number of ciliated cells and length of cilia  were quantified  manually  

using ImageJ. This analysis was performed on 9 -month -old Pkhd1 T37M/T37M  

mouse kidneys.  For length of cilia, u �V�L�Q�J���W�K�H���µ�O�L�Q�H�¶���W�R�R�O in the software , the 

length of each cilium was measured from images taken using z -stack 

processing at 63x magnification  on  a ZEISS LSM800 confocal microscope . 

Images were  processed using the Zen Blue software version 2.6  prior to 

analysis . 10 z -stack images were analysed per mouse with a total of 3 mice 

being included per genotype (total 30 z -stacks analysed per genotype) . 
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2. 3.8 Mean Linear Intercept  

Mean linear intercept ( Lm) was quantified using ImageJ. This analysis 

was performed on 4 -month -old Pkhd1 T37M/T37M  lung tissue sections. A grid 

of 6 horizontal lines were overlaid on images of H&E -stained sections, taken 

at 10x magnification  (Figure 10 ) . The number of times alveoli intercepted 

the line was counted and Lm was calculated using the following equation: 

Lm  =  NL/X . N is the number of lines counted, L is the length of the line and 

X is the total number of intercepts counted. Importantly, a higher Lm  

indicates less alveoli (Akram et al. , 2019) . A minimum of 3 fields were 

counted per section, with 2 sections per mouse being analysed. A total of 

4 mice per genotype were included.   
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Figure 10 : Quantification method of mean linear intercept in 4 - month - old wildtype and Pkhd1 T37M/T37M  mouse lungs. Mean 
linear intercept was quantified via ImageJ. For quantification, 6 horizontal lines (N) were overlaid across images from H&E s ections as 
depicted above. The length of the lines were measured (L), followed by the number of times alveolar cells intercept ed the line (X). The 
mean linear intercept was then determined using the following equation: Lm = NL/X  (n = 6 per field, 3 fields per section, 2 sections per 
mouse, 4 mice per genotype). Ima ge from wildtype mouse. All comparisons were performed at 10x magnification. Scale bar = 100 �Ëm.
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2. 3.9 Statistical Analysis  

All statistical analysis  was performed using Microsoft Excel 2016 and 

the R package s �µ�J�J�S�X�E�U�¶ (Alboukadel Kassambara, 2020)  �D�Q�G�� �µ�7�L�G�\�Y�H�U�V�H�¶��

(Wickham et al. , 2019) �����'�D�W�D���K�D�Q�G�O�L�Q�J���L�Q���5���Z�D�V���F�D�U�U�L�H�G���R�X�W���X�V�L�Q�J���µ�5���6�W�X�G�L�R��

�(�Q�Y�L�U�R�Q�P�H�Q�W�¶����Significance was determined using �:�H�O�F�K�¶�V t - tests and 

ANOVA with significance accepted at P <  0.05.  Data with uneven 

distribution was analysed using Mann -Whitney U -Test. Error bars in all data 

sets represent  standard error of the mean (SEM), unless otherwise stated.  
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3 .1 Introduction  
 

It is well - known that in patients diagnosed with Autosomal Recessive 

Polycystic Kidney Disease (ARPKD) , the kidney s remain  the most 

significantly  affected organ . The kidney phenotype is often characterised 

by fluid - filled cysts throughout the collecting ducts of the kidney, with 

patients presenting bilaterally enlarged , cystic  kidneys  (Bergmann, 2018) . 

As a result  of the renal phenotype , several complications are typically 

exhibited in ARPKD patients including hypertension, growth retardation, 

pulmonary hypoplasia  and advancing CKD (Burgmaier et al. , 2019) . With a 

poor prognosis due to the severity of these earlier disease manifestations 

in neonates,  many patients tend to rapidly reach ESRD, necessitating 

kidney dialysis or transplantation for survival. In those surviving the 

neonatal period, the renal survival rate, defined as the start of 

dialysis/transplant or death, has been reported at 86% at 5 years of age, 

reducing to 42% by 20 -years -old (Bergmann et al. , 2005) . 

3.1.1 Murine  Models of Kidney Disease in ARPKD  

ARPKD is a disease of complex nature with many researchers trying 

to dissect potential molecular mechanisms involved in whole organisms to 

advance our understanding of the disease. However, due  to the difficulty of 

obtaining human samples, either due to the rarity of disease and/or ethical 

concerns of obtaining samples from  newborns  and infants , some 

researchers have tried to recapitulate human ARPKD in mice  to further 

investigate this.   

3.1 Introduction 
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Initial models of disease first arose through spontaneous mutations , 

including in genes not previously reported in  human  ARPKD, yet these 

murine models presented ARPKD - like phenotypes. This includes models 

such as the Cpk  and  Bpk  mouse models  and the PCK rat model  which all 

presented a renal cystic phenotype  with enlarged kidneys  (Table 1 ) (Nauta 

et al. , 1993; Gattone, MacNaughton & Kraybill, 1996; Ricker et al. , 2000; 

Lager et al. , 2001; Atala et al. , 1993) . Interestingly, the PCK rat model also 

has evidence of presenting renal fibrosis  (Lager et al. , 2001) . Some later 

�P�R�G�H�O�V�� �I�U�R�P�� �W�K�H�� �H�D�U�O�\�� ���������¶�V�� �W�U�L�H�G�� �W�R�� �P�R�U�H�� �F�O�R�V�H�O�\�� �P�L�P�L�F�� �$�5�3�.�'�� �E�\��

targeting Pkhd1 , the only known gene associated with causing ARPKD at 

the time. However, surprisingly, many of these models display mild  kidney 

phenotypes, or none at all. This includes the Pkhd1 ex40  mouse model which 

displayed liver abnormalities but no renal phenotype; the Pkhd1 del2  mice 

which displayed a renal phenotype restricted to female mice from around 

9-months -old, as well as a liver phenotype; and Pkhd 1 �©���� mice which 

pr esent no kidney or liver phenotype  (Table 1 ) (Woollard et al. , 2007; 

Moser et al. , 2005; Outeda et al. , 2017) . Later studies identified DZIP1L  as 

a causative gene of moderate ARPKD  and so far, there has only been one 

reported mouse model targeting  this gene, resulting in  a prominent renal 

phenotype , yet a mild liver phenotype  (Table 1 )  (Lu et al. , 2017) .  

 With earlier models of ARPKD arising as a result of spontaneous 

events, later mouse models have tried targeting Pkhd1  for more accurate 

disease modelling. Despite this, due to limitations in these models such as 

a varying kidney phenotype, including a frequent occurrence of milder 
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versions of disease ; later onset of disease , despite the earliest stages being 

the most critical;  or no phenotype at all, no accurate murine model of 

ARPKD currently exists. Thus, we have developed the Pkhd1 T37M/T37M  mouse 

model, replicating  the most common and severe human ARPKD mutation, 

with the aim of  recapitulating  the ARPKD renal phenotype  in mice.  

3.1.2 Aims and Objectives  

Our overall aim in this chapter is to characterise the renal phenotype 

in the Pkhd1 T37M/T37M mice and better understand the impact of the 

homozygous T36M  mutation in human ARPKD. In order to achieve this, we 

performed our investigations across  different developmental stages. This 

includes P2, the earliest stage at which the ARPKD phenotype is most 

severe ;  4-months -old,  which reflects  the age at which over half of surviving 

ARPKD individuals  present severe disease complications ;  and 9 -months -

old , where human ARPKD often presents with slower renal disease 

progression  yet  present other severe  disease complications (Bergmann et 

al. , 2005) .  

Furthermore, we seek to advance our understanding of the impact of  

this mutation on the cytoskeleton, a key process regulated by Wnt 

signalling and on the primary cilium in the kidney. By thoroughly 

characterising the kidneys of the Pkhd1 T37M/T37M  mouse , we will better 

understand the effects of the mutation on a structural and molecular basis 

in mouse kidneys , whilst being able to definitively identify whether the 

Pkhd1 T37M/T37M  mouse model is a good tool for ARPKD study.  
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3.2 Results  
 

3.2.1 P2 Pkhd1 T37M/T37M  Mice Display Renal Tubular Dilation in the 

Cortex and Reduced Pkhd1  mRNA Expression   

Given that  the  ARPKD disease presentation , as well as the T36M 

mutation  is most severe in neonates and infants,  analysis for this 

investigation was carried out at P2 (Bergmann et al. , 2005) . With 

Fibrocystin  loss being associated with renal cyst development in PKD and 

impaired tubulomorphogenesis (Mai et al. , 2005; Kim et al. , 2008; Walker 

et al. , 2023) , gross histological examinations were first carried out to 

identify if there were any structural abnormalities in the kidneys of 

Pkhd1 T37M/T37M  mice. This analysis revealed  that the Pkhd1 T37M/T37M  mice do 

not exhibit a  renal cystic phenotype at P2 ( Figure 11 a; Figure 11 b ). This 

was further accompanied by no obvious or significant change s in tubular 

morphogenesis or tubular dilation of Pkhd1 T37M/T37M  mouse kidneys when 

compared to age -matched , wildtype littermates (Figure 11 c). Upon further 

investigation where our analysis was focused on three key areas of the 

kidney,  the inner medullary region,  the  medullary region and the cortex , 

the Pkhd1 T37M/T37M  mouse revealed  statistically significant  tubular dilation  in 

the cortex of Pkhd1 T37M/T37M  mouse kidneys (2.13) when compared to 

wildtype mice  (2.47)  (P < 0.05)  (Figure 11 d ) .  

  

3.2 Results 
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Figure 11 : Significant tubular dilation in the cortex of Pkhd1 T37M/T37M  mouse 
kidneys at P2 . (a) H&E staining of wildtype and (b) Pkhd1 T37M/T37M  mouse kidneys at P2 
displayed tubular dilation in the cortex (white arrows )  (n = 4, 4x magnification, scale bar 
= 100 �Ëm  (c) tubular dilation analysis revealed no significant difference in Pkhd1 T37M/T37M  
mouse kidneys when compared to wildtype littermates (n = 40 tubules per mouse, 4 mice 
per genotype, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM) 
(d) tubular dilation analysis tubular dilation analysis in the inner medullary region, and 
medullary region showed no significant change however,  a significant increase was 
observed in the cortex region in Pkhd1 T37M/T37M kidneys than when compared to age -
matched , wildtype kidneys (n  =  40 tubules per region per mouse, 4 mice pe r genotype,  
�:�H�O�F�K�¶�V t - test performed:  ns = not significant, * P < 0.05, error bars represent SEM). In 
( c)  and ( d ) , the violin distribution signifies technical variation per condition.  

c 

d  
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To shed further light on the effect of the homozygous Pkhd1 T37M/T37M  

mutation on P2 mouse kidneys, the mRNA expression of several PKD 

related and Wnt signalling genes , including Pkhd1, Pkd1, and Pkd2, the 

causative genes for ADPKD and ARPKD , were  studied.  

Data from this study identified a 0.79 - fold significant downregulation 

of Pkhd1  expression in Pkhd1 T37M/T37M  mouse kidneys when compared to 

wildtype mice (P < 0.05) ( Figure 12 ). Intriguingly, w hen mice were 

gender -matched, no significant differences could be seen in both male and 

female mice , although this effect may be due to the reduced number of 

samples in gender -matched analysis  (P > 0.05)  (Appendix 2 , Appendix 

3 ). No significant changes were observed in the mRNA expression  of Pkd1, 

Pkd2, Atmin, Wnt5a  and Wnt9b  in Pkhd1 T37M/T37M  mouse kidneys (P > 0.05) 

(Figure 12 ). This finding was consistent when mice were grouped and 

analysed according to their gender for Pkd1, Pkd2, Atmin  and Wnt9b  

(Appendix 2 , Appendix 3 ) . However, a lbeit the small sample size, Wnt5a  

displayed a small but significant 0.27 - fold decrease in mRNA expression in 

male Pkhd1 T37M/T37M  mice  (P < 0.05) ( Appendix 2 ) . 
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Figure 12 : Downregulated Pkhd1 mRNA expression in Pkhd1 T37M/T37M  mice at P2. 
A 0.79 - fold decrease in Pkhd1 mRNA expression in Pkhd1 T37M/T37M  mouse kidneys when 
compared to age -matched, wildtype littermates. No significant changes were identified in 
Pkd1, Pkd2, Atmin, Wnt5a, and Wnt9b mRNA expression (n = 6, �:�H�O�F�K�¶�V t - test and Mann -
Whitney U -Test performed: ns = not significant, * P < 0.05, error bars represent SEM).  
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3.2. 2 Loss of Fibrocystin  Results in Tubular Dilation in 4 -Month -

Old Pkhd1 T37M/T37M  Mice and Reveals 54  Differentially Expressed 

Genes (DEGs)  

In patients who survive the neonatal period, the ARPKD phenotype 

often presents as milder with many patients at this stage presenting 

progressive renal failure (Bergmann et al. , 2005) . Thus, for our analysis, 

we carried out characterisation of the Pkhd1 T37M/T37M  mouse kidneys at 4 -

months -old. To validate loss of protein function of Fibrocystin , the protein 

product of Pkhd1, protein expression analysis was performed. Complete 

loss of Fibrocystin  expression was found in 4 -month -old Pkhd1 T37M/T37M  

mice, prov ing this mouse line a viable tool for ARPKD study (Figure 13 ).  

 

Figure 13 : Diminished Fibrocystin  protein expression in 4 - month - old 
Pkhd1 T37M/T37M  mice when compared to wildtype littermates. Gapdh was used as a 
loading control . Fibrocystin, 1:1,000, Gapdh, 1:5,000, Anti -Rat IgG (HRP), 1:10,000, Anti -
Mouse IgG (HRP), 1:5,000 (n = 3).  
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Upon further investigation, n o significant changes were identified in 

kidney weight between 4 -month -old wildtype and Pkhd1 T37M/T37M  mice  (P > 

0.05) , although an overall lower kidney weight could be seen for female 

mice than male mice ( Figure 14 ).  Complimentary to this, no evidence of 

renal cysts could be seen  (Figure 15 a; Figure 15 b ).  

In addition, g ross histological examinations were performed in 4 -

month -old Pkhd1 T37M/T37M  mouse kidneys , where p resence of tubular 

dilation could be observed  (Figure 15 a- h ). This was validated by 

quantifying the tubular length to width ratio which revealed a decrease, 

indicative of  tubular dilation  (Pkhd1 T37M/T37M  2.69, wildtype 5.28)  (P < 0.01) 

(Figure 15 i ).  Upon further detailed analysis where our analysis was 

focused on three key areas of the kidney,  the inner medullary region, the 

medullary region and the cortex , the 4 -month -old Pkhd1 T37M/T37M  mouse 

revealed tubular dilation  throughout the kidney when compared to age -

matched, wildtype littermates (Pkhd1 T37M/T37M  inner medullary region  2.31 

(P < 0.05), medullary region  4.84 (P < 0.05), cortex  2.13 (P < 0.01), 

wildtype 2.52, 4.46, 2.47, respectively ) (Figure 15 j ).  
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Figure 14 :  No significant differences seen in the weight of 4 - month - old kidneys 
when comparing wildtype to Pkhd1 T37M/T37M  mice. Male mice had an overall higher 
kidney weight compared to female mice although there was no significant difference 
between age -matched and gender -matched wildtype and Pkhd1 T37M/T37M  kidneys (n = 6 for 
wildtype, n = 8 for Pkhd1 T37M/T37M , �:�H�O�F�K�¶�V t - test performed: ns = not significant, error 
bars represent SEM).  
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Figure 15 : Increased tubular dilation throughout the 4 - month - old Pkhd1 T37M/T37M  
mouse kidney. (a) H&E staining of 4 -month -old wildtype and (b)  Pkhd1 T37M/T37M  kidneys 
and (i) complimentary  tubular analysis revealed significant tubular dilation when 
compared to age -matched , wildtype kidneys (4x magnification, scale bar = 200 �Ëm, n = 
40 tubules per mice, 4 mice per genotype, �:�H�O�F�K�¶�V t - test performed: ** P < 0.01, error 
bars represent SEM) (c - h)  H&E staining of wildtype and Pkhd1 T37M/T37M  mouse kidneys in 
4-month -old mice displayed significant tubular dilation in the (c, f, j) inner medullary 
region, (d, g, j)  medulla, and (e, h, j)  cortex than when compared to age -matched , 
wildtype littermates (10x magnification, scale bar = 100 �Ëm, n = 40 tubules per region 
per mouse, 4 mice per genotype, �:�H�O�F�K�¶�V t - test performed: * P < 0.05, ** P < 0.01, error 
bars represent SEM). In (i)  and (j) , the violin distribution signifies technical variation per 
condition.   

i  j  
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To identify any changes in mRNA expression of key PKD and Wnt 

signalling genes, qRT -PCR was carried out on Pkhd1, Pkd1, Pk d2, Atmin, 

Wnt5a and Wnt9b  in 4 -month -old Pkhd1 T37M/T37M  kidneys. Interestingly, no 

significant changes were seen in the mRNA expression of the genes 

investigated when mice were age -matched and gender -matched to 

wildtype littermates (P > 0.05) ( Figure 14 ;  Appendix 4 ;  Appendix 5 ) . 

These findings imply little, or no differential gene expression of commonly 

associated PKD genes in the kidneys of 4 -month -old Pkhd1 T37M/T37M  mice.   
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Figure 16 : No changes were seen in the mRNA expression of key PKD and Wnt 
signalling genes  in 4 - month - old Pkhd1 T37M/T37M  mouse kidneys when compared 
to wildtype mice . This includes Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a, and Wnt9b mRNA 
expression (n = 8, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent 
SEM).   
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Published work has shown that several PKD  studies  display disrupted 

Wnt signalling  pathway components, including decreased �Ã-catenin protein 

expression in ARPKD patient kidneys and in the PCK rat (Richards et al. , 

2019; Togawa et al. , 2011) . To investigate whether  similar effects were 

seen in the Pkhd1 T37M/T37M  mouse, �Ã-catenin  protein expression was 

analysed and revealed no significant difference of both phosphorylated and 

non - �S�K�R�V�S�K�R�U�\�O�D�W�H�G�� �Ã-catenin protein expression  between 4 -month -old 

wildtype and Pkhd1 T37M/T37M  mouse kidneys  (Figure 17 a;  Figure 17 b ;  

Figure 17 e;  Figure 17 f ). Since several  murine models have placed both 

�Ã-catenin and E -cadherin in a complex  (Togawa et al. , 2011; Rocco et al. , 

1992; Prozialeck, Lamar & Appelt, 2004; Huan & van Adelsberg, 1999) , 

both of which have been commonly implicated in PKD and cystogenesis , E -

cadherin protein expression was also investigated and revealed no change 

in expression in 4 -month -old Pkhd1 T37M/T37M  mouse kidneys  when compared 

to wildtype mice (Figure 17 c;  Figure 17 g ) . Furthering this analysis, no 

change was seen in Scribble protein expression in 4 -month -old 

Pkhd1 T37M/T37M  mouse kidneys  when compared to wildtype mice , overall 

suggesting that the mouse homozygous Pkhd1 T37M/T37M  mutation has little  

impact on some key components of the canonical and non -canonical Wnt 

signalling  pathways (Figure 17 d ;  Figure 17 h ) . 
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Figure 17 : The Pkhd1 T37M/T37M  homozygous mutation has no impact on key Wnt signalling proteins in 4 - month - old 
Pkhd1 T37M/T37M mouse  kidneys. No changes can be seen in  (a, e)  phosphorylated (total)  and (b, f) non -phosphorylated (active)  �Ã-
catenin , (c, g) E-cadherin, and (d, h) Scribble protein expression in 4 -month -old Pkhd1 T37M/T37M  mouse kidneys when compared to wildtype 
littermates. Gapdh was used as a loading control . Total and  Active �Ã-catenin , E-cadherin, Scribble, 1:1,000,  Gapdh, 1:5,000,  Anti -Rabbit 
IgG (HRP), Anti -Mouse IgG (HRP), 1:5,000 (n = 6, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM). 

a  b  

c d  

e f  g  h  
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Having previously analysed the mRNA expression patterns of some 

known PKD and Wnt signalling targets in Pkhd1 T37M/T37M  mouse kidneys , 

RNA-sequencing was performed to use an unbiased approach to identify  a 

list of potential Pkhd1  targets . RNA-sequencing was performed  on two 4 -

month -old wildtype kidney s and three age -matched Pkhd1 T37M/T37M  kidney s 

to identify changes in gene expression and potential ly  dysregulated 

metabolic pathways .  

Using the rLog outputs from Deseq2, principal component analysis 

(PCA) displayed similarity between both wildtype and Pkhd1 T37M/T37M  

samples. The greatest degree of separation was accounted for by principal 

component 1 (PC1) (PC1 = 53.95%) which can be attributed to  the  gender 

of the mice, rather than genotyping ( Figure 18 a). Principal component 2 

(PC2) revealed a 23.04% degree of variation whilst principal component 3 

(PC3) displayed  only a 12.35% degree of variation ( Figure 18 b ). Of these, 

PC2 represents variation of unknown factors whilst PC3 can presumably be 

attributed to genotyping ( Figure 18 b ). A Euclidian distance plot was 

calculated to further assess sample -sample variation between 4-month -old 

wildtype and Pkhd1 T37M/T37M  kidney s, which further emphasised the close 

relationship between samples of both mouse genotypes ( Figure 18 c). The 

histogram of P -values showed a higher frequency of P -values closer to 0 

than 1, implying a suitably fitted model ( Figure 18 d ). As such, the mean 

normalised count was plotted against the fold change, showing an evenly 

distributed normalised count for DEGs ( Figure 18 e).   
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Figure 18 : Quality control data from RNA - sequencing of 4 - month - old wildtype and Pkhd1 T37M/T37M  mouse kidneys. A PCA plot 
generated from the rLog of normalised counts showing the relationships between 4 -month -old wildtype and Pkhd1 T37M/T37M  kidney samples 
across (a)  PC1 and PC2 and (b) PC2 and PC3. (c) A Euclidian distance plot showing the relationship between 4 -month -old wildtype and 
Pkhd1 T37M/T37M  kidney samples where 0 signifies dissimilarity and 1 signifies similarity. In this comparison, samples show similarity albeit  
genotype differences (d)  A histogram showing the distribution of P -values. Values to the left of the dashed line have a P -value of less than 
0.05 (e)  An MA -plot showing the relationship between Log 2(Fold Change) compared to Log 2(mean of the normalised counts). Significant 
genes  are coloured blue  (total 228  genes ) with some potential genes of interest labelled (n = 2 for wildtype, n = 3 for Pkhd1 T37M/T37M in all 
comparisons , P-adjusted value < 0.05 deemed significant).

a  b  c 

d  e 
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Of 11,389 protein -coding genes that were identified, 228 DEGs had 

a P-adjusted value of less than 0.05 , with 54 of these DEGs with a Log 2(Fold 

Change) greater than 1. The overall distribution pattern of DEGs with a P -

adjusted value < 0.05 and Log 2(Fold Change) greater than 1 for 4 -month -

old Pkhd1 T37M/T37M  kidneys was skewed with 91 % ( 49 / 54 ) of DEGs being 

upregulated and  only  9% ( 5/54 )  of  DEGs being downregulated ( Figure 

19 a). Of these, all of the top 10 DEGs ( Log 2(Fold Change) > 1, P-adjusted 

< 0.05) were upregulated ( Table 15 ). Interestingly, analysis via STRING 

of some of the top 10 genes highlighted a network of predicted functional 

partners, including from previously associated PKD pathways , including 

EGFR, JAK2, JAK3, STAT5A and CTNNB1 ( �Ã-catenin )  (Figure 19 b - e).   
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Figure 19 : Differential expression analysis identified 54  DEGs.  (a) A volcano plot showing distribution of differential expression data 

from 4 -month -old wildtype and Pkhd1
T37M/T37M

 kidneys in relation to Log 2(Fold Change). Top 10 DEGs are labelled. Top 25 DEGs are coloured 

dark blue , top 50 DEGs are coloured blue , and top 100 DEGs are coloured sky blue . Significant DEGs are coloured light blue . Horizontal 
dashed lines signify �±Log 10 (P-adjusted value) of 0.05. Vertical dashed lines signify a Log 2(Fold change) of -1 and 1, respectively (n = 2 for 

wildtype, n = 3 for Pkhd1 T37M/T37M in all comparisons , P-adjusted value < 0.05 deemed significant) (b - e)  STRING map highlighting a network 
of predicted functional partners  including from PKD associated pathways  for (b)  Tacstd2, (c) Aqp2, (d) Epor, and (e) Muc1. DEGs can be 
identified by red  nodules . Predictions are made based on interactions via experiments, database, and textmining predictions and given  a 
confidence score of 0.4 ( lightest  lines), 0.7 ( darker  lines), and 0.9 ( darkest  lines) . 

a  b  c 

d  e 
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Table 15 : Top 10 differentially expressed genes identified via RNA -sequencing analysis of 4 -month -old wildtype and Pkhd1 T37M/T37M  mouse 
kidneys, ranked by P -adjusted values. Base mean and Log 2(Fold Change) also  listed . Green signifies genes that are upregulated �± no genes 
in the top 10 are downregulated. Annotations are derived from  Ensembl.  

Gene  Base Mean  Log 2(Fold Change)  P- adjusted value  Annotations  

Muc20  1,057.60 2.33 5.11E-29 
Hepatocyte growth factor receptor signalling 

pathway; positive regulation of apoptotic process  

Plet1  1,158.06 1.95 1.37E-21 

Negative regulation of cell -matrix adhesion; cell 

differentiation; positive regulation of cell migration; 

wound healing  

Tacstd2  895.40 1.76 1.05E-15 

Regulation of epithelial cell migration and 

proliferation; ureteric bud morphogenesis; cell 

spreading; cell motility; cell adhesion; stem cell 

differentiation  

Aqp2  30,768.77 1.38 1.61E-15 

Renal water homeostasis and transport; apoptotic 

process; actin filament depolymerisation; positive 

regulation of calcium ion transport metanephric 

collecting duct development  

Tmem30b  760.55 1.73 1.66E-14 Aminophospholipid transport and translocation  

Thrsp  1,506.02 1.52 8.57E-14 
DNA- templated transcription; l ipid metabolic 

process; regulation of lipid biosynthetic process  
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Epor  508.26 1.71 3.49E-13 

Heart morphogenesis; heart and brain development; 

cell population proliferation; cytokine mediated 

signalling pathway; positive regulation of ERK1 and 

ERK2 cascade  

Fxyd4  2,802.33 1.31 6.43E-13 

Ion transport; potassium ion transmembrane 

transport; regulation of sodium ion transmembrane 

transporter activity  

Muc1  889.63 1.57 7.03E-13 
Cell adhesion; modulates signalling in ERK, Src, and 

NF- �É�% pathways; p53 binding  

Akr1b3  3,508.57 1.30 1.73E-12 
Renal water homeostasis; regulation of apoptotic 

process; renal system development  
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Of the DEG s identified via RNA -sequencing for 4 -month -old wildtype 

and Pkhd1 T37M/T37M  kidneys, five genes were selected to be further validated 

via qRT -PCR. The genes selected were all in the list of top 10 DEGs with a 

Log 2(Fold Change) value of > 1 and a P -adjusted value of < 0.05 and 

included  Muc20  (Log 2(Fold Change): 2.33, P-adjusted: 5.11E -29) , Plet1  

(Log 2(Fold Change): 1.95, P-adjusted: 1.37E -21) , Aqp2  (Log 2(Fold 

Change): 1.38, P-adjusted: 1.61E -15) , Epor  (Log 2(Fold Change): 1.71, P-

adjusted: 3.49E -13) and Muc1  (Log 2(Fold Change): 1.57, P-adjusted: 

7.03E -13) ( Figure 20 a) Furthermore, each gene selected has been listed 

with essential roles in key biological processes associated with PKD 

(Yamaguchi et al. , 2003; Parker et al. , 2020; Ikeda et al. , 2020; Richards 

et al. , 2021; Israeli et al. , 2010) .  

Surprisingly, no significant change in expression was identified via 

qRT-PCR for all five genes with massive biological variation observed 

between samples, especially in Pkhd1 T37M/T37M  mouse kidneys (P > 0.05) 

(Figure 20 b - f ). To further investigate this, qRT -PCR data was split on a 

gender basis , where it was found that whilst male mice displayed no 

significant change in mRNA expression for Muc20, Plet1, Aqp2, Epor  and 

Muc1 (P > 0.05) ( Appendix 6 ), female mice displayed a 1.45 - fold, 1.38 -

fold, 1.15 - fold, 1.22 - fold and 0.59 - fold increase in mRNA expression of all 

five genes, although some of these genes did not reach statistical 

significance ( Muc20 , P < 0.05; Plet1 , P > 0.05; Aqp2 , P > 0.05; Epor, P < 

0.01, Muc1 , P > 0.05, respectively) ( Appendix 7 ). 
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Figure 20 :  Differential expression validation via qRT - PCR of five of the top 10 RNA - sequencing DEGs reveals no significant 
changes in the mRNA expression of 4 - month - old wildtype and age - matched Pkhd1 T37M/T37M  mice. (a)  A plot showing the Log 2(Fold 
Change) and -Log 10 (P-Adjusted Value) determined via RNA -sequencing of the five selected DEGs. Upregulated genes are highlighted in 
green , no downregulated genes found in the top 10 DEGs ( n = 2 for wildtype, n = 3 for Pkhd1 T37M/T37M , P-adjusted value < 0.05 deemed 
significant) (b - f) No changes seen in the mRNA expression of (b) Muc20, (c) Plet1, (d)  Aqp2, (e) Epor, and (f)  Muc1 in 4 -month -old 
wildtype and Pkhd1 T37M/T37M  kidneys (n = 6, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM).

a  b  c 

d  e f  



 

135   
 

Of the five selected DEGs identified via RNA -sequencing, Aqp2  was 

chosen for further localisation and expression studies , due to its previously 

established roles in ADPKD (Log 2(Fold Change): 1.38, P -adjusted value: 

1.61E -15)  (Table 15 )  (Meijer et al. , 2011; Ranieri et al. , 2019; Gattone et 

al. , 1999) . Consistent with the qRT-PCR mRNA expression validation of 

Aqp2  in 4 -month -old kidneys, no  major  change in both the localisation of 

Aqp2 in the kidney and protein expression of Aqp2 could be seen in 4 -

month -old Pkhd1 T37M/T37M  mice when compared to age -matched, wildtype 

mice (P > 0.05) ( Figure 21 ).  
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Figure 21 : Immunostaining and expression analysis revealed no change in Aqp2 
localisation and protein expression in 4 - month - old Pkhd1 T37M/T37M  mouse 
kidneys. (a - d)  DAB staining showing localisation of Aqp2 in (a, b) wildtype and (c, d) 
Pkhd1 T37M/T37M  mouse kidneys at (a, c) 4x and (b, d) 10x magnification . Aquaporin -2, 
1:500, Anti -Rabbit IgG Alexa Fluor 594, 1:1,000  (n = 3, 4x and 10x magnification, scale 
bar = 200 �Ëm and 100 �Ëm, respectively)  (e, f) No significant difference in Aqp2 protein 
expression in 4 -month -old wildtype and Pkhd1 T37M/T37M  age -matched kidneys. Gapdh was 
used as a loading control . Aquaporin -2, 1:500, Gapdh, 1:5,000, Anti -Rabbit IgG (HRP), 
Goat Anti -Mouse IgG (HRP), 1:5,000  (n = 6, �:�H�O�F�K�¶�V t - test performed: ns = not significant, 
error bars represent SEM).   

e  

f  
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Gene set enrichment analysis (GSEA) was performed to determine 

the functional roles of DEGs identified in the Pkhd1 T37M/T37M  mouse kidneys. 

Genes identified via the differential expression analysis were ranked based 

on their Wald Stat value. Of the 22 gene sets that were identified and 

statistically significant (P -adjusted < 0.05), only 3 were representative of 

downregulated ge nes, as seen by their negative normalised expression 

score (NES). These were identified as gene sets associated with bile duct 

metab olism (NES: -1.96, P -adjusted: 0.01), oxidative phosphorylation 

(NES: -1.92, P -adjusted: 0.01) and fatty acid metabolism (NES: -1.45, P -

adjusted: 0.04) ( Figure 22 ). DEGs that were associated with pathways 

that were significantly represented with positive NES scores included 

tumour necrosis factor - �.  (TNF- �.)  signalling via NF - �É�%�� ���1�(�6���� ������������ �3-

adjusted: 0.01), transforming growth factor - �Ã (TGF- �Ã)  signalling (NES: 

1.78, P -adjusted: 0.02), epithelial -mesenchymal transition (EMT) (NES: 

1.64, P -adjusted: 0.01) and P13K/AKT/mTOR signalling (NES: 1.59, P -

adjusted: 0.02), pathways that have repeatedly been associated with PKD 

pathogenesis ( Figure 22 )  (Li et al. , 2008; Togawa et al. , 2011; Ren et al. , 

2014; Zhou et al. , 2015; Zhang et al. , 2020) .  
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Figure 22 : Transcriptional changes seen in genes identified via RNA - sequencing 
are associated with PKD - related signalling pathways. Positive Normalised 
Expression Scores (NES) were identified for 19 of 22 statistically significant gene sets 
identified including TNF - �.���V�L�J�Q�D�O�O�L�Q�J���Y�L�D���1�)- �É�%�����7�*�)- �Ã���V�L�J�Q�D�O�O�L�Q�J�� epithelial -mesenchymal 
transition (EMT) , and P13K/AKT/mTOR signalling . Negative NES was identified for gene 
sets associated with bile acid metabolism, oxidative phosphorylation, and fatty acid 
metabolism  (n = 2, P-adjusted value < 0.05 deemed significant).   



 

139   
 

3.2. 3 A Mild Decrease in Kidney Function Was Observed in 35 -

Week -Old Pkhd1 T37M/T37M  Mice 

Markers of kidney function were assessed via blood sampling and 

urine analysis by the Mary Lyon Centre at MRC Harwell to identify any 

changes in Pkhd1 T37M/T37M  mouse kidney function. ANOVA analysis was 

carried out on blood albumin levels from 35 -week -old and 41 -week -old 

wildtype and Pkhd1 T37M/T37M  mice and identified statistically significant 

changes in blood albumin levels  between these groups  (P < 0.05)  (Figure 

23 a).  This was also evident in gender -matched male mice (P < 0.05) 

(Figure 23 a). However,  upon further analysis, �:�H�O�F�K�¶�V t - test revealed no 

significant differences between age -matched and gender -matched wildtype 

and Pkhd1 T37M/T37M  mice  (P > 0.05) ( Figure 23 a).  

Comparatively, ANOVA analysis was carried out on changes in blood 

creatinine levels from 35 -week -old and 41 -week -old wildtype and 

Pkhd1 T37M/T37M  mice and revealed statistically significant changes in blood 

creatinine levels ( Figure 23 b ). Upon further statistical analysis, creatinine 

���Ë�P�R�O���/���� �O�H�Y�H�O�V�� �Z�H�U�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �L�Q�F�U�H�D�V�H�G�� �L�Q��age -matched 35 -week -old 

Pkhd1 T37M/T37M  mice  compared to wildtype  mice ���Z�L�O�G�W�\�S�H�� ������������ �Ë�P�R�O���/����

Pkhd1 T37M/T37M  �������������Ë�P�R�O���/�������3����������������,  which appeared to reverse in 41 -

week -old age -matched �P�L�F�H�� ���Z�L�O�G�W�\�S�H�� ���������� �Ë�P�R�O���/����Pkhd1 T37M/T37M  9.59 

�Ë�P�R�O���/���� ���3�� ���� ������������ ��Figure 23 b ). However,  this trend was not seen in 

gender -matched mice (P > 0.05) ( Figure 23 b ).  
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Figure 23 ���� �&�U�H�D�W�L�Q�L�Q�H�� ���Ë�P�R�O���/���� �D�Q�G�� �D�O�E�X�P�L�Q���� �F�U�H�D�W�L�Q�L�Q�H�� �U�D�W�L�R�V�� �L�Q�� ����- week - old 
Pkhd1 T37M/T37M  mice show mild decrease in kidney function which is reversed  in 
41 - week - old mice. ( a )  No significant differences in albumin (g/dL) levels seen in 35 -
week -old and 41 -week -old age -matched wildtype and Pkhd1 T37M/T37M  mice ( b )  Significantly 
�L�Q�F�U�H�D�V�H�G�� �F�U�H�D�W�L�Q�L�Q�H�� ���Ë�P�R�O���/���� �L�Q�� ����-week -old Pkhd1 T37M/T37M  mice which significantly 
decreases at 41 -weeks -old, a pattern consistently seen in male and female mice, albeit 
not significant in gender -matched mice  ( c)  A slight, significant decrease seen in albumin: 
creatinine ratio in 35 -week -old Pkhd1 T37M/T37M  mice, especially male mice, which increases 
at 41 -weeks -old, albeit non -significant (n = 8 (wildtype: 4 male, 4 female; Pkhd1 T37M/T37M : 
5 male, 3 female), �:�H�O�F�K�¶�V t - test and ANOVA performed: ns = not significant, * P < 0.05,  
ANOVA P < 0.05 considered significant,  error bars represent SEM) (d)  Higher urinary 
protein (mg/dL) in male mice compared to female mice, albeit no significant differences 
between 36 -week -old wildtype and Pkhd1 T37M/T37M  mice (n = 8 (wildtype: 3 male, 5 female; 
Pkhd1 T37M/T37M : 5 male, 3 female), �:�H�O�F�K�¶�V t - test performed: ns = not significant, error 
bars represent SEM) (a - c)  35 -week -old comparisons in dark blue  and red ; 41 -week -old 
comparisons in light blue  and orange . 

a  

b  

c 

d  
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Upon further investigations , ANOVA analysis was performed on 

albumin: creatinine ratios from 35 -week -old and 41 -week -old wildtype and 

Pkhd1 T37M/T37M  mice and revealed no statistically significant changes 

(Figure 23 c). However, upon further statistical analysis, the albumin: 

creatinine ratios showed a significant reduction  in  age -matched 35 -week -

old  Pkhd1 T37M/T37M  mice when compared to wildtype mice (wildtype 0.47, 

Pkhd1 T37M/T37M  0.41)  (P < 0.05)  (Figure 23 c) . This was further visible in 

gender -matched, male  mice (wildtype 0.46, Pkhd1 T37M/T37M  0.40) (P < 0.05) 

(Figure 23 c). As mice were aged to 41 -weeks -old, no significant 

differences were seen in albumin: creatinine ratios, including in gender -

matched male and female mice (P > 0.05) ( Figure 23 c).  

With urinary protein (mg/dL) being assessed at 36 weeks, it appeared 

that an increase could be seen between age -matched wildtype and 

Pkhd1 T37M/T37M  mice, although this data was not significant (P > 0.05) 

(Figure 23 d ). Despite this, great variation was obvious between biological 

samples and a fter further investigations, it was evident that male mice had 

higher overall urinary protein compared to female mice ( Figure 23 d ).  

Nonetheless,  no significant differences could be seen in urinary protein 

between  gender -matched  wildtype and Pkhd1 T37M/T37M  mice (P > 0.05) 

(Figure 23 d ). Overall, blood sampling revealed a decrease in kidney 

function at around 35 weeks in Pkhd1 T37M/T37M  mice which is unexplainably 

reversed at 41 weeks. This data also further emphasises the notion that 

there are clear gender differences between male and female mice  that is 

not evident  in human ARPKD.  
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3.2. 4 9-Month -Old Pkhd1 T37M/T37M  Mice Display Defective 

Cytoskelet al  Organisation and Altered Non -Canonical Wnt/PCP 

Signalling in Kidneys  

To further characterise the Pkhd1 T37M/T37M  mouse kidneys, 

investigations were carried out in 9 -month -old , aged mice where often, 

patients present with slower renal disease progression (Bergmann et al. , 

2005) . Notably, th e homozygous  Pkhd1 T37M/T37M  mutation was sufficient to 

cause a striking, complete loss of Fibrocystin  expression in 9 -month -old 

Pkhd1 T37M/T37M  kidneys when compared to age -matched, wildtype kidneys 

(Figure 24 ) . Furthermore, h istological examinations via H&E staining were 

performed in 9 -month -old wildtype and Pkhd1 T37M/T37M  mice , where  no 

evidence of renal cysts could be seen ( Figure 25 ). However, tubular 

dilation along with disorganised structure was evident throughout the 

kidney (Figure 25 ).   

 

 

 

 

 

 

 

Figure 24 : Diminished Fibrocystin  protein expression in 9 - month - old 
Pkhd1 T37M/T37M  mice when compared to wildtype littermates. Gapdh was used as a 
loading control Fibrocystin, 1:1,000, Gapdh, 1:5,000, Anti -Rat IgG (HRP), 1:10,000, Anti -
Mouse IgG (HRP), 1:5,000 (n = 3).  
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Figure 25 :  Increased tubular dilation throughout the 9 - month - old Pkhd1 T37M/T37M  mouse kidneys. H&E staining of (a)  wildtype 
and (b)  Pkhd1 T37M/T37M  mouse kidneys at 9 -months -old revealed tubular dilation, together with apparent disorganised structural formation  
(black arrows)  (4x magnification, scale bar = 200 �Ëm , n = 9 mice per genotype).  
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Similar to P2 and 4 -month -old mRNA expression analysis, key PKD 

and Wnt signalling genes were also investigated in 9 -month -old mice. No 

change in mRNA expression of Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a  and 

Wnt9b  could be seen in 9 -month -old Pkhd1 T37M/T37M  mouse kidneys when 

compared to age -matched and gender -matched wildtype mice (P > 0.05) 

(Figure 26 , Appendix 8 , Appendix 9 ). It is interesting to note that larger 

biological variation could be seen in Pkhd1 T37M/T37M  mice for Pkd1, Pkd2, 

Wnt5a and Wnt9b  with apparently increased mRNA expression, especially 

in female mice, although this did not reach statistical significance (P > 0.05) 

(Figure 26 , Appendix 8 , Appendix 9 ).  These findings further insinuate 

little impact on mRNA expression of commonly associated PKD genes in the 

kidneys of 9 -month -old Pkhd1 T37M/T37M  mice.  

Having performed ANOVA analysis in a longitudinal manner on the     

-Log 2 relative mRNA expression patterns of Pkhd1, Pkd1, Pkd2, Atmin, 

Wnt5a and Wnt9b  in P2, 4 -month -old and 9-month -old wildtype and 

Pkhd1 T37M/T37M  mouse kidneys, ANOVA analysis revealed some statistically 

significant differences between these groups (Figure 27 ). However, upon 

further statistical analysis, i t is clear that no significant changes are seen 

in mRNA expression patterns between wildtype and  Pkhd1 T37M/T37M  mouse 

kidneys of all genes explored, across all developmental stages  (Figure 27 ) . 

As well as  this, it is evident that  the expression patterns of genes 

investigated in both wildtype and Pkhd1 T37M/T37M  mice appear to remain 

consistent as the mouse is aged ( Figure 27 ).   
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Figure 26 :  No significant changes were seen in the mRNA expression of key PKD 
and Wnt signalling genes in 9 - month - old Pkhd1 T37M/T37M  mouse kidneys when 
compared to wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a, and Wnt9b 
mRNA expression (n = 8, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars 
represent SEM).  

  



 

146   
 

 

 

Figure 27 : Average - Log 2  relative mRNA expression patterns of Pkhd1, Pkd1, 
Pkd2, Atmin, Wnt5a, and Wnt9b in wildtype and Pkhd1 T37M/T37M  kidneys remain 
consistent as mice are aged. This includes across all investigated developmental ages 
in this study including P2, 4 -months -old, and 9 -months -old. P2 comparisons in dark blue 
and red ; 4 -month -old comparisons in light blue and orange; 9-month -old comparisons 
in purple  and yellow  (n = 6 for P2, n = 8 for 4 -month -old and 9 -month -old comparisons, 
�:�H�O�F�K�¶�V t - test and ANOVA performed: ns = not significant, ANOVA p < 0.05 considered 
significant, error bars represent SEM).  
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Protein expression analysis was performed in 9 -month -old 

Pkhd1 T37M/T37M  kidneys  to identify the involvement of any  key  Wnt signalling 

proteins from either the canonical or non -canonical Wnt/PCP pathway. Both 

phosphorylated and non -phosphorylated �Ã-catenin protein expression was 

analysed and revealed no significant changes in protein expression when 

comparing 9 -month -old wildtype and Pkhd1 T37M/T37M  kidneys, highlighting 

that loss of Fibrocystin has  little �L�P�S�D�F�W�� �R�Q�� �Ã-catenin expression  (Figure 

28 a, Figure 28 b, Figure 28 e, Figure 28 f ).  

To further identify the potential involvement of the non -canonical 

Wnt/PCP signalling pathway, E -cadherin, a cell adhesion and cytoskeletal 

protein, was also looked into and revealed very little changes in expression 

in 9 -month -old Pkhd1 T37M/T37M  mice ( Figure 28 c, Figure 28 g ). Similar to 

previous 4 -month -old protein expression investigations, Scribble protein 

expression in 9 -month -old  Pkhd1 T37M/T37M  kidneys was compared to age -

matched, wildtype kidneys  and  revealed a small , statistically significant 

0.17 - fold increase in protein expression (P < 0.05)  (Figure 28 d, Figure 

28 h ).  Overall, these results suggest loss of Fibrocystin in 9 -month -old 

Pkhd1 T37M/T37M  mouse kidneys has very little impact on key non -canonical 

Wnt/PCP signalling proteins. 
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Figure 28 : The Pkhd1 T37M/T37M  homozygous mutation has little  impact on the key Wnt signalling targets  in 9 - month - old 
Pkhd1 T37M/T37M  mouse kidneys. No changes can be seen in (a, e)  phosphorylated (total) and (b, f)  non - �S�K�R�V�S�K�R�U�\�O�D�W�H�G�� ���D�F�W�L�Y�H���� �Ã-
catenin . A significant 0.08 - fold and 0.17 - fold increase can be seen in (c, g)  E-cadherin and (d, h)  Scribble protein expression in 9 -month -
old Pkhd1 T37M/T37M  mouse kidneys when compared to wildtype littermates, respectively. Gapdh used as a loading control . Total and Active 
�Ã-catenin, E -cadherin, Scribble, 1:1,000, Gapdh, 1:5,000, Anti -Rabbit IgG (HRP), Anti -Mouse IgG (HRP), 1:5,000 (n = 5 -6, �:�H�O�F�K�¶�V t - test 
performed: ns = not significant, * P < 0.05, error bars represent SEM).  

a  

c 

b  

d  

e f  g  h  
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To identify whether loss of Fibrocystin protein expression results in 

any ciliary defects in 9 -month -old Pkhd1 T37M/T37M  mouse kidneys , we 

performed investigations , including assessing the number of cells 

displaying cilia, as well as quantifying the length of cilia. Notably, acetylated 

�.- tubulin staining of ciliary structures revealed no statistically significant 

differences between both the number of ciliated cells and length of cilia in 

Pkhd1 T37M/T37M  mice when compared to wildtype mice (P > 0.05) ( Figure 

29 ). This data suggests that loss of Fibrocystin expression has little impact 

on ciliogenesis  in 9 -month -old Pkhd1 T37M/T37M  mice.  
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Figure 29 : 9 - month - old Pkhd1 T37M/T37M  kidneys reveal no defects in ciliogenesis, albeit diminished Fibrocystin protein 
expression. �$�F�H�W�\�O�D�W�H�G���.- tubulin staining of (a) wildtype and (d)  Pkhd1 T37M/T37M  mouse kidneys ( green ), counterstained with (b, e)  DAPI 
for nuclear staining ( blue ), and (c, f)  a merge image of both  �D�F�H�W�\�O�D�W�H�G���.- tubulin and nuclear staining �����$�F�H�W�\�O�D�W�H�G���.- tubulin, 1:500, Anti -
Mouse IgG Alexa Fluor 488, 1:500 -1,000 (n = 3, 63x magnification, scale bar = 10 µm)  (g)  No significant differences identified in the 
number of ciliated ce lls  per 100 µm 2 and (h)  in  the  average cilia length between wildtype and Pkhd1 T37M/T37M  mice  (n = 3, with 10  z-stack  
images analysed per mouse, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM). In (g)  and (h) , the violin distribution 
signifies technical variation per condition.

g  

h  
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Since the 9 -month -old Pkhd1 T37M/T37M  mouse kidneys displayed 

disorganised structure  in 9 -month -old Pkhd1 T37M/T37M  mice ( Figure 25 ) , we 

performed investigations to identify whether  the Pkhd1 T37M/T37M  mouse 

displayed an altered cytoskeleton . Phalloidin staining of F -actin and 

cytokeratin staining of intermediate filaments were compared between 9 -

month -old wildtype and Pkhd1 T37M/T37M  mouse kidneys.  Noticeably, uneven  

and inconsistent  staining of F -actin could be seen in homozygous mice, a 

finding that was not seen in wildtype mice , indicating altered actin 

distribution (Figure 30 ). 
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Figure 30 : 9 - month - old Pkhd1 T37M/T37M  kidneys exhibit F - actin staining patterns consistent with a disorganised cytoskeleton. 
(a , d ) Phalloidin staining of 9 -month -old (a) wildtype and (d) Pkhd1 T37M/T37M  kidneys  ( red ), counterstained with (b, e)  DAPI for nuclear 
staining ( blue ), and (c, f)  a merge image of both F-actin and nuclear staining . (a)  Uniform F -actin distribution seen in wildtype kidneys 
(white arrows) when compared to (d) Pkhd1 T37M/T37M  kidneys which show inconsistent and uneven staining patterns  (white arrows ) . 
Phalloidin , 1:500  (n = 4, 20x magnification, scale bar = 50 �Ëm).
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In line with the F -actin distribution, similar patterns of staining could 

be seen of the intermediate filaments  where cytokeratin staining was 

restricted to interstitial cells and  markedly reduced and irregular staining 

was observed (Figure 31 d - f ). Ot her areas also present ed more diffuse 

staining patterns in the Pkhd1 T37M/T37M  mouse kidneys (Figure 31 d - f ).  This  

was unlike the consistent, expanded areas of staining that was seen in the 

wildtype kidneys ( Figure 31 a- c). These changes suggest a disturbed 

cytoskeleton with potential PCP pathway disruption  in the Pkhd1 T37M/T37M  

mice  at 9 -months -old.
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Figure 31 :  9 - month - old Pkhd1 T37M/T37M  kidneys exhibit staining patterns consistent with a disorganised cytoskeleton , (a, d) 
Cytokeratin staining of 9 -month -old (a)  wildtype and (d)  Pkhd1 T37M/T37M  kidneys ( green ), counterstained with (b, e) DAPI for nuclear 
staining (blue ), and (c, f)  a merge image of both cytokeratin and nuclear staining. (a)  Consistent  epithelial staining seen in wildtype 
kidneys (white arrows) when compared to (d)  Pkhd1 T37M/T37M  kidneys which show  expanded (white arrows)  and diffuse staining patterns 
(yellow  arrows) , restricted to interstitial cells and not observed in tubule epithelia . Cytokeratin, 1:300, Anti -Mouse IgG Alexa Fluor 488, 
1:500 -1,000 ���Q��� �������������[���P�D�J�Q�L�I�L�F�D�W�L�R�Q�����V�F�D�O�H���E�D�U��� ���������Ë�P��.
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3.3 Discussion  
3. 3.1  The Pkhd1 T37M/T37M  Mouse Model Presents a Mild Kidney 

Phenotype, Despite Diminished  Fibrocystin  Protein Expression  

The complexity and rarity of ARPKD has made it extremely difficult to 

advance our understanding of the disease ���� �L�Q�F�O�X�G�L�Q�J�� �L�Q�� �L�W�V�¶�� �G�L�D�J�Q�R�V�L�V�� �D�Q�G��

treatment. With this in mind, researchers have tried to develop novel tools 

replicating ARPKD, however, to our knowledge, no current model accurately 

reflects  the disease. The Pkhd1 T37M/T37M  mouse model carries one of the 

most common and most severe truncating mutations presented in human 

ARPKD, on a C3H mouse background (Bergmann et al. , 2005) . For this 

study , we set out to characterise the Pkhd1 T37M/T37M  mouse and although 

we expected to see a severe phenotype similar to the phenotypic 

characteristics of the human ARPKD mutation, we found that this  mouse 

model presents  a mild kidney phenotype, despite almost absent  Fibrocystin 

protein  expression  (Figure 13 , Figure 24 ) .  

Our earlier investigations in this study identified that renal cysts do 

not form in Pkhd1 T37M/T37M  mice , despite loss of Fibrocystin  across all 

developmental stages including P2, 4 -month -old and 9 -month -old  (Figure 

11 , Figure 15 , Figure 25 ). As well as this, the Pkhd1 T37M/T37M  mice present 

with a functioning kidney to  some degree , with only mild changes in kidney 

functional markers visible at around 35 -weeks -old ( Figure 23 b,  Figure 

23 c). It is evident  that along with reduced Fibrocystin  protein expression  

3.3 Discussion 
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in older mice , these mice begin developing a tubul omorphogenesis defect  

from or prior to around P2 (Figure 11 , Figure 15 , Figure 25 ) , 

emphasising  previous reports where it is suggested that Fibrocystin  plays 

a role in modulating renal tubular formation  (Kim et al. , 2008; Mai et al. , 

2005) . Pkhd1  expression has been detected as early as in the mesonephros 

and thus, although we were unable to validate Fibrocystin  protein 

expression in younger mice, it is predicted that the earlier tubular defects 

in the Pkhd1 T37M/T37M  mouse are also caused by loss of Fibrocystin  

(Nagasawa et al. , 2002) . Furthermore, in this study, whilst loss of 

Fibrocystin protein expression had no effect on ciliogenesis in 9 -month -old 

Pkhd1 T37M/T37M  mice ( Figure 29 ), it is apparent that aged Pkhd1 T37M/T37M  

mice display  defective cytoskeletal organisation with both intermediate 

filaments and F -actin distributions being evidently disturbed ( Figure 30 , 

Figure 31 ). Whilst previous literature demonstrates that actin cytoskeletal 

remodelling is a consequence of defective PCP signalling, we only found 

subtle changes in PCP related genes and proteins that were investigated in 

this study (Figure 18 e, Figure 28 c, Figure 28 d, Figure 28 g, Figure 

28 h,  Appendix 2 ) (Babayeva, Zilber & Torban, 2011; Goggolidou et al. , 

2014a; Yates et al. , 2010a; Babayeva et al. , 2013) . 

The Pkhd1 T37M/T37M  mouse is unique as it is the first to replicate a 

common, human ARPKD mutation, however the  renal phenotype is different 

to other murine  models . R odents such as the PCK rat develop cystic 

enlargement after just the first week (Lager et al. , 2001) , whilst i n the Cpk  

mouse, phenotypic presentations of the disease, including renal tubular 
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cystogenesis could be detected as early as embryonic day 15.5 (E15.5)  

(Table 1 )  (Avner et al. , 1987) . Similarly, previous  in vivo ARPKD models, 

such as the PCK rat, Pkhd1 del2/del2  mouse and Pkhd1 �H�����*�)�3�©�������H�����*�)�3�©���� mouse, 

as well as other in vitro  models, appear to present ciliogenesis defects, 

including reduced number of cilia, deformed ciliary structure and/or shorter 

cilia (Masyuk et al. , 2003; Woollard et al. , 2007; Kim et al. , 2008; Mai et 

al. , 2005) , a finding that is not apparent in the Pkhd1 T37M/T37M  mice. Despite  

this, t he Pkhd1 T37M/T37M  mouse is unable to retain the normal, renal tubular 

structure, a finding that is consistent with several murine models of ARPKD 

(Woollard et al. , 2007; Garcia -Gonzalez et al. , 2007; Kim et al. , 2008) . 

There have also been other ARPKD mouse models that display a renal 

phenotype, yet  it  is often mild , especially during earlier stages of disease  

when human ARPKD commonly presents as most severe  (Kim et al. , 2008; 

Garcia -Gonzalez et al. , 2007; Moser et al. , 2005; Gallagher et al. , 2008; 

Woollard et al. , 2007; Besse et al. , 2020; Ishimoto et al. , 2023; Yang et 

al. , 2023) .  

Interestingly,  genetic strain differences have appeared to play a key 

role in phenotypic presentations of disease  in mice. Several studies have 

demonstrated mouse interbreeding could  exacerbate  or reduce  the kidney 

phenotype  (Woollard et al. , 2007; Arroyo et al. , 2021; Sommardahl et al. , 

2001) . In a recent study, near complete deletion of Pkhd1  in Pkhd1 del3 -67  

mice resulted in no  renal phenotype , suggesting  other factors , such as 

genetic background , could be at play (Ishimoto et al. , 2023) . Although it is 

not surprising that the Pkhd1 T37M/T37M  mouse carries a mild kidney 
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phenotype, the genetic background of the model could be a contributing 

factor , with a previous study demonstrating that a backcross of the Orpk  

mouse to a C3H background presented a strikingly reduced severity and 

progression of the kidney phenotype (Sommardahl et al. , 2001) . This 

possibility also gives rise to the potential of modifier genes in the C3H strain 

that could  prove useful  to our understanding of the complexities of ARPKD  

(Sommardahl et al. , 2001) .  

Overall, t he Pkhd1 T37M/T37M  mouse model contributes  some  evidence 

that reduced Fibrocystin  protein expression is insufficient in triggering a 

strong renal phenotype  in murine models of Pkhd1  mutants . This data 

encourages the  theory of species differences between murine and human 

ARPKD models , with murine models appearing more resistant to Pkhd1  

mutations. It is also apparent that the murine renal phenotype could be  

greatly influenced by genetic strain and thus, these factors must be taken 

into consideration when attempting to mimic human disease in mice.   



 

159   
 

3. 3. 2 Transcriptional Analysis Identifies PKD -Related DEGs  and 

Dysregulated Metabolic Pathways in Pkhd1 T37M/T37M  Mice, 

Including Muc1  and Tacstd2 , and Oxidative Phosphorylation  

The genetic diversity exhibited in disease models of murine kidneys 

makes it extremely challenging to characterise the transcriptomics involved 

in disease mechanisms. To overcome some of these challenges, RNA-

sequencing  has been employed to study and better understand gene 

expression profiles in a range of samples. In this study, using an unbiased 

approach, transcriptional analysis of 4 -month -old wildtype and 

Pkhd1 T37M/T37M  kidneys identified key PKD -related DEGs and dysregulated 

metabolic pathways.  

MUC1, the gene known to play roles in cell migration and adhesion, 

was detected as one of the top 10 DEGs, identified via RNA -sequencing 

analysis in 4 -month -old Pkhd1 T37M/T37M  mouse kidneys (Log 2(Fold Change): 

1.57, P -adjusted: 7.03E -13 ) ( Table 15 ) (Kachmar et al. , 2024) . 

Interestingly , mutations in MUC1 have previously been associated with 

Autosomal Dominant Tubulointerstitial Kidney Disease, commonly leading 

to progressive renal failure  (Kachmar et al. , 2024) . In separate studies, 

upregulation of MUC1 has been associated with activating the canonical 

Wnt signalling pathway , with direct interactions being observed  between 

MUC1 and CTNNB1 ( �Ã-catenin )  (Figure 19 e)  (Wen et al. , 2003) . In 

addition, MUC1 has also been demonstrated to colocalise with EGFR 

(Figure 19 e) , with loss of MUC1 in vitro  resulting in altered EGFR 
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expression as well as altered proliferation (Engel et al. , 2016) . Similarly, 

Tacstd2 (Log 2(Fold Change): 1.76, P-adjusted: 1. 05 E-15 ) is recently 

emerging as a potential target for ADPKD treatment with evidence showing 

abundant Tacstd2  expression in cyst - lining epithelium in both mouse and 

human samples ( Table 15 ) (Smith et al. , 2023) . With the evident overlap 

in MUC1 function and PKDs molecular mechanisms, as well as the emerging 

role for Tacstd2  in ADPKD, it would be interesting to observe the role, if 

any, of both  MUC1 and TACSTD2  in ARPKD. 

It is interesting to note that overall, DEGs from the top 10 have direct 

and/or indirect interactions with molecules from signalling pathways that 

have previously been associated with PKD such as EGFR ( Muc1, Tacstd2 ), 

ERK/MAPK ( Muc20, Aqp2 , Muc1, Epor ), JAK/STAT ( Muc1, Thrsp, Epor ), NF -

�É�%�� ��Aqp2, Muc1 ), PI3K/AKT ( Muc20, Muc1 ) and Wnt ( Muc20,  Muc1)  

(STRING, UniProt) ( Figure 19 b - e)  (Ren et al. , 2014; Zhang et al. , 2020; 

Li et al. , 2008; Zhou et al. , 2015; Patera et al. , 2019; Yamaguchi et al. , 

2003; Tóthová et al. , 2021; Higuchi et al. , 2004; Brown et al. , 2008; 

Tréhoux et al. , 2015; Hashemi et al. , 2023) . Together, t his highlights some 

potential involvement of novel genes or other dysregulated pathways in 

PKD however,  this currently remains unexplored in our study.  

Some dysregulated metabolic pathways identified in this study have 

equally been associated with PKD. I t is commonly conveyed that in PKD, 

oxidative phosphorylation is a prominent feature of disease  (Podrini, 

Cassina & Boletta, 2020; Chumley et al. , 2019; Hajarnis et al. , 2017; 
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Ishimoto et al. , 2017) . In this study, GSEA analysis identified oxidative 

phosphorylation as one of the dysregulated metabolic pathways in 

Pkhd1 T37M/T37M
 mice  (NES: -1.92, P -adjusted: 0.01)  (Figure 22 ). This 

disease presentation is similar to  an ADPKD model where  renal tubular cells 

of Pkd1  deficient mice presented oxidative phosphorylation as a gene set 

that is negatively regulated (Hajarnis et al. , 2017; Menezes et al. , 2016; 

Podrini, Cassina & Boletta, 2020; Ishimoto et al. , 2017) . With mitochondrial 

dysfunction promoting cystogenesis in ADPKD, it is interesting that  

mutations in PKHD1 also alter energy metabolism , with Fibrocystin  

inactivation  later  being linked to abnormal mitochondrial morphology in 

renal tubules without cystogenesis (Chumley et al. , 2019; Ishimoto et al. , 

2017; Walker et al. , 2023) . Recent  evidence has found that fragments of 

Fibrocystin �¶�V�� �F�\�W�R�S�O�D�V�P�L�F�� �G�R�P�D�L�Q�� �K�D�Y�H�� �E�H�H�Q�� �V�K�R�Z�Q�� �W�R�� �W�U�D�Q�V�O�R�F�D�W�H�� �W�R�� �W�K�H��

mitochondria and suppress cystogenesis (Walker et al. , 2023) . Although 

this topic remains unexplored in this study , this data  highlights an 

importance of further investigating th ese avenue s to advance our 

understanding of the potential molecular mechanisms involved in ARPKD.   
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3. 3. 3 Sexual Dimorphism Modifies Disease Presentation in 

Pkhd1 T37M/T37M  Mouse Kidneys  

Both spontaneous animal models and genetically modified animals 

have proven useful in advancing ARPKD study however, certain challenges 

are necessary to overcome when accurately modelling disease. Thus far, 

human ARPKD has presented with no gender bias, with both male s and 

females being equally affected (Bergmann et al. , 2005) . In this study, we 

highlight this as a  key challenge since it is possible  that sexual dimorphism 

could modify  disease presentation in Pkhd1 T37M/T37M  m ouse kidneys . 

In P2 Pkhd1 T37M/T37M  mice, little indication of a gender difference  is 

apparent. However, it is noticeable that in female Pkhd1 T37M/T37M  mice, there 

is higher variability of normalised fold change for particular genes of 

interest, including in Pkd1, Pkd2, Wnt5a and  Wnt9b  (Appendix 3 ) . This is 

continuously reflected in female mice as the mice are aged , despite no 

significant changes in comparisons between wildtype and Pkhd1 T37M/T37M  

mice being observed  (Appendix 5 , Appendix 9 ). At 4 -months -old, RNA -

sequencing quality control analysis identified that the biggest difference 

between the cohort of mice that were analysed is most likely the gender of 

the mice, rather than the mouse genotyping ( Figure 18 a,  Figure 18 b ).  

Furthermore,  whilst Wnt9b  is one of the DEGs identified via RNA -

sequencing, qRT -PCR analysis does not replicate this at either 

developmental stage investigated (Figure 16 ). However, this becomes 

rather justifiable  since the aforementioned variations in Wnt9b  mRNA 
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expression in female mice are apparent, and a higher number of female 

Pkhd1 T37M/T37M  mice were sequenced  via RNA -sequencing  than male 

Pkhd1 T37M/T37M  mice  (Figure 18 ). Comparatively, although there are no 

significant changes between wildtype and Pkhd1 T37M/T37M  mice, male mice 

have an overall higher kidney weight at 4 -months -old and  overall higher 

urinary protein at 9 -months -old , with notably larger differences between 

wildtype and Pkhd1 T37M/T37M  mice than  in  female mice  (Figure 14 , Figure 

23 ).   

There are no clear indications whether male or female mice present 

a stronger phenotype in the Pkhd1 T37M/T37M  mice due to the overall mild 

kidney phenotype presented , however, i t is apparent  that  at least in PKD 

disease modelling,  male mice  may  present  a more severe phenotype than 

female mice  (Lager et al. , 2001; Nagao et al. , 2005; L. A. Smith et al. , 

2006b; Doctor et al. , 2010; Menezes et al. , 2016; Fox et al. , 2024) . In PCK 

rats, this gender difference  of severity  was not seen in polycystic liver 

disease (Lager et al. , 2001) . I n a recent study where analysis was 

performed on only female Pkhd1 -knockout BALB/cJ mice across several 

developmental stages, delayed  cystic disease was evident (Fox et al. , 

2024) . Some evidence has attributed this difference to different potential 

mechanisms. For example, in male Cy/+  rats and Jck mice, progression of 

PKD is also more severe than in female mice but it is evidenced that this is 

as a result of male hormone androgen, acting through the ERK/MAPK 

pathway (Nagao et al. , 2005; L. A. Smith et al. , 2006b) . Some studies have 

deemed this to be an effect of testosterone with female rats that were 
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administered testosterone displaying an accelerated PKD disease 

phenotype (Nagao et al. , 2005; Cowley et al. , 1997) . In one other study, 

slower renal cystic disease progression was seen in adult female mice  with 

further analysis  recognising this to be a potential consequent of differences 

in lipid metabolism (Menezes et al. , 2016) .  

It is interesting that these mechanisms are thought to be involved 

with the sexual dimorphism presented in PKD models . I n this study,  as 

previously mentioned,  the greatest degree of separation revealed via RNA-

sequencing analysis is linked to the gender of the mice  (Figure 18 a, 

Figure 18 b ) . With an unbiased transcriptional profiling of mouse kidneys 

revealing gene expression in kidneys is sexually dimorphic, it is tempting 

to speculate that some of the DEGs identified are  in relation to the 

mechanisms  presumably  involved in causing this difference  (Menezes et 

al. , 2016) . Of the top 10 DEGs discovered, Muc20, Aqp2, Epor and Muc1  

have defined roles in ERK/MAPK signalling with Thrsp being involved in lipid 

metabolic processes ( Table 15 , Figure 19 )  (Brown et al. , 2008; Tréhoux 

et al. , 2015; Tóthová et al. , 2021; Higuchi et al. , 2004; Ahonen et al. , 

2021) . Furthermore, GSEA of DEGs highlight both fatty acid metabolism 

(NES: -1.45, P -adjusted: 0.04) and androgen response (NES: 1.45, P -

adjusted: 0.04) as tw o significant metabolic pathways that are 

dysregulated in 4 -month -old Pkhd1 T37M/T37M
 mice  (Figure 22 ) . It is also of 

interest that estrogen response , both early ( NES: 1.79, P -adjusted: 0.01 ) 

and late ( NES: 1.55, P -adjusted: 0.02 ) are  significantly identified 

dysregulated metabolic pathways in Pkhd1 T37M/T37M  kidneys  (Figure 22 ) . 
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Overall, s everal studies have identified a play of sexual dimorphism in 

ADPKD however, this concept  has rarely been discussed in ARPKD. Least to 

mention, further studies  are  also  required to determine how exactly female 

mice present protective features in  kidney disease , and what impact this 

has on ARPKD research .  

In conclusion , this study has found that the Pkhd1 T37M/T37M  mice 

display tubular dilation, initiating from around P2, and presenting 

throughout the ageing of the mice. Furthermore, the Pkhd1 T37M/T37M  mice 

display cytoskeletal disorganisation in 9 -month -old kidneys. Furthermore, 

the results presented in this study expand the possibilities of further 

dissecting the molecular mechanisms of ARPKD, as we highlight the 

importance of accurate disease modelling and factor in the effects of 

genetic strain and gender of mice to increase credibility of results.



 

 

 

Chapter 
4: 

Pkhd1T37M/T37M Mice Exhibit a Progressive Liver Fibrosis Phenotype 
  

4 
Chapter 

Pkhd1T37M/T37M Mice 
Exhibit a Progressive 
Liver Fibrosis Phenotype 



 

167   
 

4 .1 Introduction  
 

In  some ARPKD patients , predominant hepatic manifestations, 

characterised by congenital hepatic fibrosis (CHF)  and bile duct dilation 

���&�D�U�R�O�L�¶�V���G�L�V�H�D�V�H��, are evident  (Bergmann, 2015; Guay -Woodford, 2015) . 

Both CHF and biliary duct malformations , are  consequence s of defective 

ductal plate remodelling, often known as ductal plate malformation (DPM)  

(Turkbey et al. , 2009; Drenth, Chrispijn & Bergmann, 2010; Bergmann, 

2015) . DPM can also often be the leading cause of portal hypertension in 

ARPKD with complications including hepatosplenomegaly, hypersplenism 

and oesophageal  and gastric varices (Bergmann et al. , 2005; Guay -

Woodford & Desmond, 2003; Guay -Woodford, 2015) . Interestingly, ARPKD 

patients can present liver disease manifestations from birth , although more 

severe disease presentations are usually evident in older patients  (Büscher 

et al. , 2014) . In some patients, liver disease may appear more 

predominantly than renal disease and whilst it is understood that the 

severity of the phenotype presented in both the kidney and liver develop 

independently, some patients require a combined kidney - liver tr ansplant 

for survival (Chapal et al. , 2012) .  

4.1.1 Murine Models of Liver Disease in ARPKD  

Although it has been challenging to accurately recapitulate the human 

disease , the hepatic phenotype has sometimes been rather straightforward 

to model. In earlier, spontaneous models of disease, including in the PCK 

4.1 Introduction  
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rat and outbred Cpk  mice, evidence of hepatic cysts, dilated bile ducts and 

hepatic fibrosis was present with the Bpk  mouse presenting biliary duct 

ectasia  (Table 1 )  (Lager et al. , 2001; Muff et al. , 2006; Ricker et al. , 2000; 

Gattone, MacNaughton & Kraybill, 1996; Nauta et al. , 1993) . In  a later,  

targeted Pkhd1  knockout mouse model of ARPKD ( Pkhd1 del2/del2 ), 

characterisation of the liver evidenced severely cystic and fibrotic livers, 

together with bile duct dilation and  shorter  primary cilia  in the bile ducts  

(Table 1 )  (Woollard et al. , 2007) . In another targeted approach to replicate 

the human phenotype, along with a progressive renal cystic phenotype  in 

older mice , the Pkhd1 del3 -4/del3 -4 mice presented DPM and bile  duct 

malformations  (Table 1 )  (Garcia -Gonzalez et al. , 2007) .  

4.1.2 Liver Fibrosis  

It is apparent that a common feature of Pkhd1 targeted mouse 

models is the invariant presentation of hepatic fibrosis (Moser et al. , 2005; 

Woollard et al. , 2007; Garcia -Gonzalez et al. , 2007; Gallagher et al. , 2008) . 

In humans, t here has been evidence to suggest that patients with the T36M 

mutation, either through homozygous or heterozygous inheritance, display 

liver abnormalities , including fibrosis  (Bergmann et al. , 2005; Al Alawi et 

al. , 2019; Rossetti et al. , 2003) . In  one of the latest reported study of the 

T36M mutation  in ARPKD patients , 10/16 patients that carried the mutation 

presented liver abnormalities such as CHF, hepatomegaly and 

hepatosplenomegaly with 6/10 of these patients carrying a homozygous  

T36M  mutation (Al Alawi et al. , 2019) . Whilst the mechanisms of liver 
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fibrosis remain unclear, it is well -understood that activation of hepatic 

stellate cells (HSCs) triggers a cascade of events resulting in the 

progression and acceleration of liver fibrosis (Lee & Friedman, 2011) . 

Several intracellular signalling pathways have been implicated in the 

molecular mechanisms of liver fibrosis and  interestingly,  Wnt signalling has 

been highlighted as a key target pathway  stimulating the activation of HSCs 

and being a significant  driver of fibrosis (Hirabaru, 2014; Nishikawa, Osawa 

& Kimura, 2018; Li et al. , 2014; Wang et al. , 2018) .  

As we understand,  the human T36M mutation is potentially 

associated with liver abnormalities  such as liver fibrosis  but  this relationship 

is not well -characterised , with  mechanisms of liver fibrosis in ARPKD yet to 

be elucidated.  Thus, we have developed the Pkhd1 T37M/T37M  mouse model 

carrying the  most severe homozygous  mutation reported in human ARPKD , 

with the aims of identifying  the effects  of this mutation in murine livers  and 

studying whether the Pkhd1 T37M/T37M  model would be a viable tool for ARPKD 

study in the liver.  

4.1. 3 Aims and Objectives  

Our overall aim in this chapter is to characterise the liver  phenotype 

in the Pkhd1 T37M/T37M mice and better understand the impact of the 

homozygous T36M  mutation in ARPKD. In order to achieve this, we 

performed our investigations across different developmental stages. This 

includes P2, the stage at which the liver phenotype often presents as mild; 

4-month -old, which reflects the age at which complications of liver disease 
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become more apparent; and 9 -months -old, where human ARPKD typically 

presents predominant liver disease that is often more advanced (Burgmaier 

et al. , 2019; Chapal et al. , 2012; Turkbey et al. , 2009) .  

  Our key objectives include to dissect the impact of the homozygous 

T37M  mutation on murine livers , including on the formation of hepatic cysts 

and hepatic fibrosis , whilst also seeking to establish a relationship between 

fibrosis  and Wnt  signalling  in Pkhd1 T37M/T37M  mice . By characterising the liver 

phenotype , we can identify whether this mouse model would prove to be a 

valuable tool for multi -organ ARPKD study; dissect  the relationship between  

the homozygous T36M  mutation and the extra - renal phenotypes p resented 

in ARPKD; and better understand the potential molecular mechanisms 

involved  in the development of liver disease in ARPKD .
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burg  

4 .2 Results  
4.2.1 P2 Pkhd1 T37M/T37M  Mice Do Not Exhibit a Liver Phenotype  

Common features of liver disease in human and murine models of 

ARPKD include hepatic cysts, hepatic fibrosis and intrahepatic bile duct 

abnormalities (Turkbey et al. , 2009) . Given that the liver phenotype in 

ARPKD patients is often mild in neonates, gross histological examinations 

of P2 mouse  livers were carried out  (Burgmaier et al. , 2019; Turkbey et al. , 

2009) . This analysis revealed no  structural differences in P2 livers  between 

age -matched wildtype and Pkhd1 T37M/T37M  littermates ( Figure 32 ).  

To shed further light on the effect of the homozygous Pkhd1 T37M/T37M  

mutation on P2 mouse livers and establish whether there is an impact on 

PKD and Wnt signalling genes, the mRNA expression of Pkhd1, Pkd1  and 

Wnt5a  were studied. Consistent with the H&E staining at this age, the 

mRNA expression of Pkhd1, Pkd1 and Wnt5a  were not altered in P2 

Pkhd1 T37M/T37M  livers when compared to  age -matched and gender -matched  

wildtype mice , although great biological variation could be seen throughout  

(P > 0.05)  (Figure 33 , Appendix 10 , Appendix 11 ).  Overall, these 

findings demonstrate  no change in the  gross architecture or in the mRNA 

expression of key PKD related and Wnt signalling genes in P2 Pkhd1 T37M/T37M  

livers  when compared to age -matched, wildtype mice.  

  

4.2 Results 
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Figure 32 : No visible differences in gross liver structure of P2 Pkhd1 T37M/T37M  mice. H&E staining of (a) wildtype and (b)  
Pkhd1 T37M/T37M  �3�����O�L�Y�H�U�V�����Q��� �������������[���P�D�J�Q�L�I�L�F�D�W�L�R�Q�����V�F�D�O�H���E�D�U��� �����������Ë�P������   
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Figure 33 : No significant changes seen in the mRNA expression of key PKD and 
fibrosis related  genes in P2 Pkhd1 T37M/T37M  mouse livers  when compared to 
wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA expression (n = 6, �:�H�O�F�K�¶�V 
t - test performed: ns = not significant, error bars represent SEM).    
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4.2.2  4-Month -Old Pkhd1 T37M/T37M  Mice  Present  Characteristics of 

Mild Liver Disease  

With several  complications arising in young adults with ARPKD and 

many  Pkhd1  targeted mouse models displaying obvious liver phenotypes 

and bile duct abnormalities , which are progressively worse with age  

(Gattone, MacNaughton & Kraybill, 1996; Lager et al. , 2001; Woollard et 

al. , 2007) , the livers of 4 -month -old Pkhd1 T37M/T37M  mice were analysed for 

any structural or morphological defects. Initial findings displayed no 

significant changes in liver weight between 4 -month -old wildtype and 

Pkhd1 T37M/T37M  mice, including when mice were gender -matched (P > 0.05)  

(Figure 34 ).  

Complimentary to this , little evidence  of hepatic abnormalities could 

be seen in  histological examinations of  4-month -old mice, including hepa tic 

cysts, fibrosis, or visibly abnormal intrahepatic bile duct malformations 

(Figure 35 a, Figure 35 b ). To further validate this, 4 -month -old  

Pkhd1 T37M/T37M  mouse livers  were stained with  �. -smooth muscle actin and 

non -phosphorylated (active)  �Ã-catenin  to identify activation of HSCs and 

Wnt signalling and revealed no change when compared to age -matched, 

wildtype mice ( Figure 35 c- f ).   
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Figure 34 : No significant differences seen in the weight of 4 - month - old livers 
when comparing wildtype to Pkhd1 T37M/T37M  mice. Both male and female mice 
presented no differences in liver weight when gender -matched  (n = 6 for wildtype, n = 8 
for Pkhd1 T37M/T37M , ns = not significant, error bars represent SEM).  
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Figure 35 : 4 - month - old Pkhd1 T37M/T37M  mice display increased fat deposits but no 
other obvious changes in gross structure when compared to wildtype livers. H&E 
staining of (a)  wildtype and (b)  Pkhd1 T37M/T37M  livers at 4-months -old present increase in 
fat deposits  (white arrows) but no visible differences in gross architecture  (n = 4, 10x 
magnification, scale bar = 100 �Ë�P)  (a - d)  DAB staining of (c, d)  �. - smooth muscle actin 
and  (e, f)  �D�F�W�L�Y�H���Ã-catenin  in (c, e)  wildtype and (d, f)  Pkhd1 T37M/T37M  livers present no 
fibrosis or increase in activated Wnt signalling when compared to age -matched, wildtype 
livers  at 4 -months -old . �. - �V�P�R�R�W�K�� �P�X�V�F�O�H�� �D�F�W�L�Q���� ������������������ �D�F�W�L�Y�H�� �Ã-catenin, 1:500, Anti -
Rabbit IgG Alexa Fluor 594, 1:1,000  (n = 4, 10x magnification, scale bar = ���������Ë�P).   
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I nterestingly, Pkhd1 T37M/T37M  mice appeared to show increased 

number of fat deposits in 4 -month -old livers ( Figure 35 b , white arrows ).  

To verify this, Caveolin -1 immunostaining was carried out which 

accentuated the initial findings of increased fat deposits in 4-month -old 

Pkhd1 T37M/T37M  livers when compared to age -matched, wildtype livers 

���Z�L�O�G�W�\�S�H�����D�Y�H�U�D�J�H�������I�D�W���G�H�S�R�V�L�W�V���S�H�U�����������Ë�P2 vs Pkhd1 T37M/T37M : average 

�������I�D�W���G�H�S�R�V�L�W�V���S�H�U�����������Ë�P2) , signifying  potential  liver disease development 

at this stage  (P < 0.05) ( Figure 36 ).  
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Figure 36 : Increased fat deposits in Pkhd1 T37M/T37M  mouse livers at 4 - months - old.  
I mmunostaining of Caveolin -1 in ( a- c)  wildtype and ( d - f )  Pkhd1 T37M/T37M  livers at 4 -
months -old displayed significant increase in fat deposits (white arrows) ( g ) Average of 6 
vs 14 Caveolin -1- �V�W�D�L�Q�H�G�� �I�D�W�W�\�� �G�H�S�R�V�L�W�V�� �L�G�H�Q�W�L�I�L�H�G�� �S�H�U�� �������� �Ë�P2 in 4 -month -old wildtype 
and Pkhd1 T37M/T37M  livers, respectively . Caveolin -1, 1:800, Anti -Rabbit IgG Alexa Fluor 594, 
1:1,000  (n = 3 0 fields per mouse, 3 mice per genotype , 10x magnification, scale bar = 50 
�Ë�P�����:�H�O�F�K�¶�V t - test performed: * P < 0.05, error bars represent SEM).    

g  
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Whilst the Pkhd1 T37M/T37M  mice displayed some liver abnormalities in 

4-month -old livers, no evidence of fibrotic tissue, or other markers of liver 

disease could be seen  (Figure 35 , Figure 36 ) . qRT-PCR was performed to 

identify whether the mRNA expression for genes associated with fibrosis 

and PKD/Wnt signalling were altered at this age. Expectedly, reinforcing 

the observations seen in histological examinations in 4 -month -old 

Pkhd1 T37M/T37M  livers, n o changes in mRNA expression of Pkhd1, Pkd1 and 

Wnt5a  were  seen, indicating that the homozygous mutation does not cause  

any transcriptional changes of selected  targets  related to fibrosis  in 4 -

month -old Pkhd1 T37M/T37M  livers (P > 0.05)  (Figure 37 ) . This finding was 

carried through when mice were also gender -matched  with huge biological 

variation between mice being evident  (P > 0.05)  (Appendix 12 , Appendix 

13 ).   
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Figure 37 : No significant changes seen in the mRNA expression of key PKD and 
fibrosis related genes in 4 - month - old Pkhd1 T37M/T37M  mouse livers when 
compared to wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA expression 
(n = 6, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM).   
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4.2.3 Markers of Liver Function Appear Normal in 35 -Week -Old 

and 41 -Week -Old Pkhd1 T37M/T37M  Mice  

Markers of liver function were assessed via blood sampling by the 

Mary Lyon Centre at MRC Harwell .  This includes analysis of free fatty acids 

(mmol/L) at 35 -weeks -old and 41 -weeks - �R�O�G�����D�Q�G���W�R�W�D�O���E�L�O�L�U�X�E�L�Q�����Ë�P�R�O���/����

at 39 -weeks -old for the same mice. No change was detected for  both 

parameters, despite mice being age -matched and gender -matched (P > 

0.05) ( Figure 38 ). Furthermore, ANOVA analysis performed on free fatty 

�D�F�L�G���G�D�W�D���G�L�G�Q�¶�W���L�G�H�Q�W�L�I�\���D�Q�\���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�I�L�F�D�Q�F�H���E�H�W�Z�H�H�Q���J�U�R�X�S�V���L�Q������-

week and 41 -week wildtype and Pkhd1 T37M/T37M  livers (P > 0.05) ( Figure 

38 a). Overall, this data highlights  little changes in liver function in 35 -week 

�± 41 -week -old Pkhd1 T37M/T37M  mice when compared to wildtype, age -

matched mice.    
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Figure 38 : Analysis of blood markers  for liver function , including free fatty acids 

(mmol/L) and total bilirubin ( �Ëmol/L), in wildtype and Pkhd1
T37M/T37M

 mouse 
livers  revealed no change . (a) No significant differences in free fatty acid levels 

(mmol/L) detected in 35 -week -old and 41 -week -old Pkhd1
T37M/T37M

 mice compared to age -
matched , wildtype mice  (n = 8 (wildtype: 4 male, 4 female; Pkhd1 T37M/T37M : 5 male, 3 
female), �:�H�O�F�K�¶�V t - test and ANOVA performed: ns = not significant, ANOVA p < 0.05 
considered significant,  error bars represent SEM) . 35 -week -old comparisons in dark blue 
and red ; 41 -week -old comparisons in light blue and orange  (b) No significant 

differences in total bilirubin ( �Ëmol/L) detected in 39 -week -old Pkhd1
T37M/T37M

 mice 
compared to age -matched wildtype mice (n = 8 (wildtype: 3 male, 5 female; 
Pkhd1 T37M/T37M : 5 male, 3 female), �:�H�O�F�K�¶�V t - test performed: ns = not significant, error 
bars represent SEM) .  

  

a 

b  



 

183   
 

4.2. 4 9-Month -Old Pkhd1 T37M/T37M  Mice  Display  Liver Fibrosis  

In line with published literature  that presents more predominant and 

severe liver disease presentation in older ARPKD patients  (Guay -Woodford 

et al. , 2014; Büscher et al. , 2014) , the gross architecture of 9 -month -old 

wildtype and Pkhd1 T37M/T37M  mouse livers was  explored. Both wildtype and 

Pkhd1 T37M/T37M
 livers displayed common signs of ageing including  fatty liver, 

with no evidence of other gross morphological changes in the liver structure  

(Figure 39 a, Figure 39 b ).  

Furthermore, 9-month -old Pkhd1 T37M/T37M  livers were stained with �.-

smooth muscle actin and non -phosphorylated (active)  �Ã-catenin  to identify  

potential activation of HSCs/liver fibrosis and Wnt signalling  in aged mice . 

Contrary to the minimal disease presentation in the Pkhd1 T37M/T37M  liver thus 

far, 9 -month - �R�O�G�� �O�L�Y�H�U�V�� �G�L�V�S�O�D�\�H�G�� �L�Q�F�U�H�D�V�H�G�� �.-smooth muscle actin and 

active �Ã-catenin expression , suggesting a progressive  liver fibrosis 

phenotype as mice are aged , together with activated Wnt signalling in 9-

month -old Pkhd1 T37M/T37M  livers (Figure 39 c �± Figure 39 f ).   
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Figure 39 : Aged Pkhd1 T37M/T37M  mice display liver fibrosis at 9 - months - old. H&E 
staining of (a)  wildtype and (b)  Pkhd1 T37M/T37M  livers displayed fatty liver (n = 9, 10x 
�P�D�J�Q�L�I�L�F�D�W�L�R�Q�����V�F�D�O�H���E�D�U��� �����������Ë�P����(c - f) DAB staining of (c, d)  �. - smooth muscle actin 
and (e, f)  �D�F�W�L�Y�H�� �Ã-catenin in (c, e)  wildtype and (d, f) Pkhd1 T37M/T37M  livers  revealed 
increased number of activated HSC s, and Wnt signalling  signifying increased liver fibrosis 
in 9 -month -old Pkhd1 T37M/T37M  mice when compared to age -matched, wildtype littermates . 
�. - smooth muscle actin , 1:1,000, �D�F�W�L�Y�H���Ã-catenin , 1:500, Anti -Rabbit IgG Alexa Fluor 594, 
1:1,000  (n = 4, 10x magnification, scale bar � �����������Ë�P������  
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4.3 Discussion  
 

4.3.1  The Homozygous T36M  Mutation in Pkhd1 T37M/T37M  Livers 

Results in  a Progressive Fibrotic Liver Phenotype  

It is not unsurprising for ARPKD patients to present characteristics of 

liver disease such as CHF, hepatic cysts, or bile duct malformations, 

alongside the already established renal phenotype. Despite this, the clinical 

manifestation of disease varies cons iderably with many patients presenting 

differing severity and predominance of a kidney phenotype, liver 

phenotype, or both at different developmental stages. Since the 

mechanisms behind this are still undefined, s everal researchers are now 

trying  to establ ish a viable mouse line that exhibits a complete, ARPKD - like 

phenotype, including its extra - renal disease manifestations. For this study, 

we set out to characterise the liver phenotype of the Pkhd1 T37M/T37M  mice 

and found that the Pkhd1 T37M/T37M  mouse model presents a progressive , 

fibrotic liver phenotype.  

 Our earlier investigations in both P2 and 4 -month -old mice revealed 

that Pkhd1 T37M/T37M  mice display neither hepatic cysts, nor evidence of 

fibrosis as well as other hepatic abnormalities including bile duct 

malformations ( Figure 32  �± Figure 37 ). In addition , i n published 

literature, heterozygous missense mutations were reported in PKD1 in 

patients with CHF with separate case reports showing  increased Wnt5a  

mRNA expression in fibrotic mouse livers  (Dutta et al. , 2021; Jiang et al. , 

4.3 Discussion 
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2019; Beljaars et al. , 2017) . Thus, we  also investigated the effect of the 

homozygous T36M  mutation on mRNA expression of key PKD and Wnt 

signalling related genes . Complimentary to our histological and 

immunostaining analysis , our qRT-PCR data revealed no change in mRNA 

expression of these genes at P2 and in 4 -month -old mice  (Figure 33 , 

Figure 37 ) , further indicating no obvious fibrotic phenotype at th ese 

stage s. Interestingly however, an increase in fat deposits in 4 -month -old 

Pkhd1 T37M/T37M  mice make s evident some defective liver mechanisms 

causing accelerated liver disease  at this age  (Figure 36 ).  

 As mice were aged,  no changes in liver function tests were observed 

(Figure 38 ) , yet by 9 -months -old, evidence  of  fibrosis became distinctively 

more apparent in Pkhd1 T37M/T37M  mice when compared to wildtype mouse 

livers ( Figure 39 ). This is consistent with published findings  where mice 

with loss of Pkhd1  and presenting a hepatic phenotype, including hepatic 

cysts, biliary dysgenesis and fibrosis, present  normal liver function 

(Gallagher et al. , 2008; Williams et al. , 2008) . Furthermore, similar to the 

Pkhd1 T37M/T37M  mouse liver phenotype presented in this study, it is not 

uncommon for Pkhd1  targeted models to display progressive fibrosis with 

some models  displaying a more advanced phenotype at around 6 �±9 months 

of age (Gallagher et al. , 2008; Woollard et al. , 2007; Bakeberg et al. , 2011; 

Garcia -Gonzalez et al. , 2007) . Equally , in these studies, it is evident that 

mice older than 9 -months -old also display a much more severe liver 

phenotype , with livers becoming extremely cystic and/or fibrotic by around 

12 -months -old (Woollard et al. , 2007; Gallagher et al. , 2008; Bakeberg et 
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al. , 2011) . Thus, with the Pkhd1 T37M/T37M  mouse  beginning to display  a 

fibrotic liver phenotype at 9 -months -old, it would be interesting to perform 

further investigations to characterise how the liver phenotype develops as 

the mice are aged. Nonetheless,  CHF is a commonly recognised feature of 

human ARPKD in patients reporting both homozygous and heterozygous 

T36M mutations  (Al Alawi et al. , 2019; Rossetti et al. , 2003; Moser et al. , 

2005)  and our work has demonstrated that the Pkhd1 T37M/T37M  mouse model 

resembles this  human ARPKD - like phenotype , proving this model to be a 

viable tool for the study of the liver  in ARPKD.   
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4.3.2  Activated Canonical Wnt Signalling During Liver Fibrosis 

Manifestation  in Pkhd1 T37M/T37M  Mice 

Wnt signalling has long been implicated in liver fibrosis with activation 

of this pathway enhancing HSC activation (Wang et al. , 2018) . This 

relationship is typically dependent on  inhibition of Wnt signalling, through 

decreased HSC activation, also attenuating liver fibrosis  (Li et al. , 2014; Liu 

et al. , 2022b) . Contradictory literature has presented evidence that 

suggests activation of �Ã-catenin  in rat HSC s resulted in decreased synthesis 

of �.-smooth muscle actin , a marker of fibroblasts  (Kordes, Sawitza & 

Häussinger, 2008) , however the majority of later evidence has supported 

the former theory (Li et al. , 2014; Osawa et al. , 2015; Rong et al. , 2019; 

Zhang et al. , 2019; Liu et al. , 2022b) . In this study, we provide evidence 

that highlights activated canonical Wnt signalling during liver fibrosis 

manifestation  in Pkhd1 T37M/T37M  mice.  

For the purpose of this study, we performed qRT -PCR and 

immunostaining experiments to identify potential evidence of liver fibrosis 

as well as activation of Wnt signalling in Pkhd1 T37M/T37M  mice. In both  P2 

and 4 -month -old Pkhd1 T37M/T37M  mice, no changes in mRNA expression of 

fibrosis - related Wnt signalling genes were observed with further 

investigations at 4 -months -old , accentuating this data  (Figure 33 , Figure 

35 , Figure 37 ) . With activation of Wnt signalling being  associated with 

activated HSCs, this was not surprising since at these stages, no indications 

of liver fibrosis were apparent. Intriguingly , as mice were aged, incre ased  
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non -phosphorylated (active)  �Ã-catenin staining  was observed  in 9 -month -

old Pkhd1 T37M/T37M �P�R�X�V�H���O�L�Y�H�U�V���D�O�R�Q�J���Z�L�W�K���L�Q�F�U�H�D�V�H�G���.-smooth muscle actin 

staining ( Figure 39 ) , highlighting the crucial role that Wnt signalling may 

play in the activation of HSCs and molecular mechanisms of liver fibrosis.  

Separately , s everal studies have performed in vitro  and in vivo  

human and mouse investigations that have collectively demonstrated 

increased Wnt5a expression in fibrotic livers with suppression of Wnt5a 

attenuating liver fibrosis (Tian et al. , 2014; Cheng et al. , 2008; Beljaars et 

al. , 2017; Wang et al. , 2018) . More recently, mutations in PKD1 have also 

been reported in patients with CHF, however, some data suggests this may 

not contribute to disease severity, at least in ADPKD (Dutta et al. , 2021; 

Sierks et al. , 2022; Chebib et al. , 2016) . Although due to limited samples 

we were unable to verify mRNA expression of Pkd1  and Wnt5a  in aged 

mice, it would be interesting to make these assessments , especially with 

Wnt5a  rising to become an ideal target  for treatment of  liver fibrosis. 

Overall, d ata from this study strengthens th e literature regarding the 

relationship between canonical Wnt signalling and liver fibrosis and proves  

this mouse model to be a useful tool in studying the mechanisms and 

potential therapeutic targets for liver fibrosis.  
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4.3. 3 Pkhd1 T37M/T37M  Livers Do Not Exhibit  a Severe Hepato -

Biliary Phenotype  

It is important for us to recognise that the overall Pkhd1 T37M/T37M  

mouse liver phenotype by 9 -months -old is not as predominant as that 

which is established in other Pkhd1  targeted mouse lines  (Figure 32  �± 

Figure 38 ) . Many of these mice display some form of DPM with 

predominant hepatic cysts, CHF and/or intra -  and extra -hepatic bile duct 

malformations  from at least 2-weeks -old  (Table 1 ) (Moser et al. , 2005; 

Woollard et al. , 2007; Garcia -Gonzalez et al. , 2007; Gallagher et al. , 2008; 

Besse et al. , 2020; Bakeberg et al. , 2011) . In some instances where a 

pronounced liver phenotype is not present, the disease phenotype is 

attributed to the type of mutation introduced and the impact this has on 

the mouse model. For example, in the Pkhd1 �©67 mice, removal of exon 67 

and consequently the removal of nuclear localisation and Pol ycystin -2 (PC -

2) binding site results in no renal or hepatic phenotype, suggesting 

alternative exon 67 functions in both mice and humans (Outeda et al. , 

2017) . In the Pkhd1 T37M/T37M  mouse, we were unable to validate Fibrocystin 

protein expression in the liver. However, despite this, in both 4 -month -old 

and 9 -month -old  Pkhd1 T37M/T37M  kidneys, we have verified complete loss of 

Fibrocystin expression ( Figure 13 , Figure 24 ). Furthermore, w hilst it may 

be possible that the T37M mutation does not directly result in a severe liver  

phenotype, there is evidence that in humans, patients carrying the T36M 

mutation also display liver abnormalities, including CHF  and hepatomegaly  
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(Rossetti et al. , 2003; Bergmann et al. , 2005; Al Alawi et al. , 2019; Wicher 

et al. , 2020) . This reduces the likelihood that the homozygous T37M  

mutation serves an alternative function in mice than humans or has no 

effect on Fibrocystin protein expression in mice. Thus, it is surprising to 

observe that the homozygous T37M mutation  and loss of Fibrocystin protein 

expression  in Pkhd1 T37M/T37M  livers does not exhibit a n earlier and more 

severe hepato -biliary phenotype .  

It is interesting to note that the T37M  mutation occurs in exon 3 and 

whilst there is no evidence of hepatic cysts in the Pkhd1 T37M/T37M  mice, one 

previously described Pkhd1  mouse model that replaces exons 1 �± 3 with a 

lacZ  reporter (Pkhd1 lacZ/lacZ ) is one of the few Pkhd1  targeted models that 

also does not report evidence of hepatic cysts ( Table 1 ) (Williams et al. , 

2008) . It is tempting to speculate that mutations in exon 3 may not always 

give rise to hepatic cysts, rather other  hepatic lesions however, this is 

unlikely. Contradicting  evidence shows that in  mice where both exons 3 and 

4 are excised using Cre -mediated mechanisms  (Pkhd1 del3 -4/del3 -4) , the mice 

develop biliary tract abnormalities, including biliary cysts (Garcia -Gonzalez 

et al. , 2007) . Furthermore, unlike the phenotype observed in the 

aforementioned Pkhd1 lacZ/lacZ  mice, deletion of exon 2 in Pkhd1 del2/del2  mice 

also results in a progressive cystic and fibrotic liver phenotype (Woollard et 

al. , 2007; Williams et al. , 2008) , conflicting the mechanistic theory that 

removal of these particular exons results in restrictive phenotypes. 

Importantly, it is also evidenced that Pkhd1  is transcriptionally complex in 

wildtype murine  kidneys with rise of several alternatively spliced transcripts  
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that could potentially contribute to observed phenotypes (Garcia -Gonzalez 

et al. , 2007; Yang et al. , 2023; Boddu et al. , 2014) . However , in the liver, 

the full - length Pkhd1 transcript is presumed to be predominant with little 

alternative transcripts present , suggesting  the full - length Pkhd1  in murine 

livers  to be solely  functional (Onuchic et al. , 2002; Boddu et al. , 2014; Yang 

et al. , 2023; Garcia -Gonzalez et al. , 2007) . Collectively, this evidence 

suggests other potential mechanisms that suppress a severe hepatic 

phenotype in the Pkhd1 T37M/T37M  mouse liver.  

 A likely  explanation for the variable  disease presentation  is that the 

genetic background influences  the phenotype in Pkhd1 T37M/T37M  mice. This 

concept is in line with published evidence that has demonstrated a reduced 

severity of liver lesions in an early and well -established ARPKD model 

(Orpk ) when the mouse line was crossed to a C3H background 

(Sommardahl et al. , 2001) . Furthermore, earlier studies in the C57BL/6j 

Cpk  mouse model displayed a minimal liver phenotype, despite being well -

characterised for the ARPKD renal phenotype (Fry et al. , 1985) . However, 

when these mice were outbred to generate younger CD1 -cpk/cpk  mice and 

older CD1 -cpk /+, extra - renal manifestations, including hepatic cysts and 

intrahepatic bile duct dilation, were more prominent than in C57BL/6j Cpk  

mice (Gattone, MacNaughton & Kraybill, 1996) . This strain - related 

variability between murine models of disease highlights potential modifier 

genes and/or molecular mechanisms that provide protective characteristics 

and influence on the phenotypic presentation of ARPKD  in certain genetic 

mouse strains.  
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In conclusion , we found that  the homozygous T37M  mutation in 

Pkhd1  targeted mice result s in progressive liver fibrosis  from around 9 -

months -old , with no apparent impact on liver function. We also  provide 

evidence for the relationship between  activated �Ã-catenin  signalling and 

liver fibrosis, proving the Pkhd1 T37M/T37M  model to be a good tool to study 

the  mechanisms and potential therapeutic targets for liver fibrosis. Whilst 

we recognise that the T37M  mutation does not cause a predominant liver 

phenotype  until mice are aged , we highlight the influence that genetic 

backgrounds  can have on murine  liver s and the importance of factoring this 

in for disease modelling . Overall, we prove the Pkhd1 T37M/T37M  mice to be a 

viable  tool for multi -organ study  of ARPKD.  
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5.1 Introduction  
 

Autosomal Recessive Polycystic Kidney Disease (ARPKD) is a multi -

organ implicating  disease , with patients commonly presenting severe  

pulmonary complications during the perinatal stages of development  

(Guay -Woodford & Desmond, 2003; Bergmann et al. , 2005) . The lung 

phenotype can be detected as early as in the second trimester and is 

characterised by pulmonary hypoplasia and respiratory distress , with 

patients typically requiring medical intervention immediately after birth  

(Guay -Woodford and Desmond, 2003) . Thus far, the lung phenotype has 

been characterised as a secondary consequence of prenatal disease 

manifestations , with  restricted diaphragmatic movement due to kidney 

enlargement and reduced amniotic fluid as a result of renal insufficiency 

being thought to be the leading causes of  pulmonary distress  (Bergmann 

et al. , 2005) . As a result, consequent death has been reported in around 

30  �± 50% of affected neonates shortly after birth (Roy et al. , 1997; Guay -

Woodford & Desmond, 2003; Bergmann et al. , 2005) . Unfortunately, the 

exact molecular mechanisms underlying the lung phenotype remain 

unclear , with research currently focusing on dissecting the molecular 

mechanisms of primary ARPKD phenotypes and treatments remaining 

directed at disease management.  

5.1 Introduction 
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5.1.1 Murine Models of Lung Disease in ARPKD  

Despite current perspectives, there has been some evidence to 

suggest that the ARPKD lung phenotype may not be secondary to in utero  

renal failure. In previous ARPKD -specific models, the lung phenotype has  

no t primarily been explored  with minimal reports of a lung phenotype in 

both spontaneous and Pkhd1 - targeted mouse lines (Woollard et al. , 2007; 

Moser et al. , 2005; Williams et al. , 2008; Outeda et al. , 2017; Lager et al. , 

2001; Ricker et al. , 2000; Atala et al. , 1993) . I nterestingly , in one 

exception , a subset of neonatal Pkhd1 del3 -4/del3 -4
 mice  died due to respiratory 

insufficiency despite no significant renal phenotype being observed until 

mice were aged , however, mechanisms behind this phenotype remain 

unexplored with the lethal phenotype diminishing when viable mice were 

crossed (Garcia -Gonzalez et al. , 2007) . Besides this, in an ARPKD -unrelated 

transgenic mouse model investigating renal oligohydramnios , lethal 

pulmonary hypoplasi a preceded  both  renal dysfunction and 

oligohydramnios , suggesting some potential molecular differences in the 

currently perceived order of events (Smith et al. , 2006) .  

Whilst  only limited evidence currently exists , there is some indication 

that the severe perinatal ARPKD lung phenotype may be a primary 

characteristic and not a secondary consequence of  the renal disease 

phenotype in ARPKD . Despite this, no current murine model of ARPKD 

exists that replicates  the ARPKD lung phenotype or dissects if any  potential  

molecular mechanisms are involved. Thus, we have developed the 
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Pkhd1 T37M/T37M  mouse model , carrying the most severe human ARPKD 

mutation  with the aim of recapitulating the lung phenotype and identify 

whether the phenotype derives from molecular dysfunction.  

5.1.2 Aims and Objectives  

 Our overall aim in this chapter is to characterise the lung phenotype 

in the Pkhd1 T37M/T37M  mice and identify whether the homozygous T36M 

mutation results in any  defective molecular mechanisms in  ARPKD lungs. 

In order to achieve this, we performed our investigations  in  P2 mice, where 

the ARPKD phenotype is most severe ;  and  4-month -old mice , which reflects 

the age at which  renal or liver disease are typically more predominant than 

the lung ARPKD phenotype (Liebau, Hartung & Perrone, 2022) . 

Furthermore, we seek to advance our understanding to identify potential, 

novel genetic modifiers and/or molecular pathways associated with ARPKD. 

By characterising the lungs of the Pkhd1 T37M/T37M  mouse line, we will be able 

to determine whether the ARPKD lung phenotype is a primary or secondary 

effect, whilst being able to better understand the effects of the homozygous 

T36M mutation on the  mouse lungs. Furthermore, we will be able to identify 

whether the Pkhd1 T37M/T37M  mouse model is a good tool for ARPKD study in 

the lung.    
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5. 2  Results  
 

5.2.1  P2 Pkhd1 T37M/T37M  Mouse Lungs  Display  No Changes in 

mRNA Expression of Key PKD and Wnt Signalling Genes  

Given that the ARPKD lung phenotype is most severe during the 

perinatal stages of development, analysis of key PKD and Wnt signalling 

genes mRNA expression was carried out in P2 wildtype and Pkhd1 T37M/T37M  

lungs. Interestingly, although not significant, a 1.14 - fold increase could be 

seen in Pkd1  mRNA expression , the causative gene for ADPKD (P > 0.05)  

(Figure 40 ) . Likewise, no changes in mRNA expression of Pkhd1, Atmin  

and Vangl2  could be seen in Pkhd1 T37M/T37M  mouse lungs when compared to 

age -matched, wildtype mouse lungs (P > 0.05) ( Figure 40 ). When mice 

were grouped and analysed according to gender, albeit not significant, a 

similar trend could be seen in male Pkhd1 T37M/T37M  mice when compared to 

wildtype mice , with a 3.24 - fold increase in Pkd1  mRNA expression and no 

changes in Pkhd1, Atmin  and Vangl2  mRNA expression (P > 0.05) 

(Appendix 14 ). In female mice, larger biological variation in the mRNA 

expression of all genes tested were apparent compared to in male mice, 

however, no significant changes between wildtype and Pkhd1 T37M/T37M  mice 

were observed  (Appendix 15 ) . Importantly, a limited number of samples 

were available for gender -matched analysis  and thus,  these effects may be 

due to this  in gender -matched analysis.  

5.2 Results 
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Figure 40 : No significant changes in mRNA expression of Pkhd1, Pkd1, Atmin and 
Vangl2 in Pkhd1 T37M/T37M  mouse lungs when compared to age - matched wildtype 
mouse lungs. A 1.14 - fold increase was observed in Pkd1 mRNA expression in 
Pkhd1 T37M/T37M  mouse lungs when comparing to wildtype mice, albeit not significant. No 
significant changes observed in mRNA expression of Pkhd1, Atmin and Vangl2 mRNA 
expression (n = 6, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent 
SEM).   
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5.2. 2 4-Month -Old Pkhd1 T37M/T37M  Mice Exhibit a Lung Phenotype, 

Despite  the  Mild Kidney Phenotype  

Whilst lung hypoplasia is often a commonly observed phenotype 

during the neonatal stages of development, the phenotype appears to 

ameliorate  as patients age  (Liebau, Hartung & Perrone, 2022) . Thus, for 

our analysis, characterisation of the  4-month -old  Pkhd1 T37M/T37M  mouse 

lungs was performed to identify whether the homozygous T36M mutation 

results in  any structural or molecular dysfunction  in aged mice.  

The mRNA expression of several PKD related and Wnt signalling 

genes was studied, including Pkhd1, Pkd1 and Pkd2,  the causative genes 

for ADPKD and ARPKD. Unexpectedly, data from these investigations 

identified a significant 0.50 - fold and 0.34 - fold decrease in the mRNA 

expression of both Pkhd1  and Pkd1 , respectively, in 4-month -old 

Pkhd1 T37M/T37M  mouse lungs when compared to wildtype mice  (P < 0.05) 

(Figure 41 ). Furthermore, a significant 0.53 - fold decrease was seen in 

both Atmin  and Vangl2  mRNA expression in Pkhd1 T37M/T37M  mouse lungs 

when compared to wildtype mice (P < 0.05) ( Figure 41 ). Whilst Pkd2  and 

Wnt5a  mRNA expression analysis revealed a 0.25 - fold and 0.56 - fold 

decrease, this did not reach statistical significance (P > 0.05) ( Figure 41 ). 

When mice were gender -matched, no significant differences could be seen 

in the mRNA expression of Pkhd1, Pkd1, Pkd2, Atmin, Vangl2  and Wnt5a in 

male and female mice, although this effect may be due to a small  sample 

size  in gender -matched analysis (P > 0.05) ( Appendix 16 , Appendix 17 ).  
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Figure 41 : Significantly downregulated mRNA expression of PKD and Wnt 
signalling genes including Pkhd1, Pkd1, Atmin and Vangl2. A significant 0.50 - fold 
and 0.34 - fold decrease in mRNA expression of Pkhd1 and Pkd1, respectively. mRNA 
expression analysis of Atmin and Vangl2 also reveal a significant 0.53 - fold decrease in 
mRNA expression in Pkhd1 T37M/T37M  mice when compared to age -matched wildtypes. A non -
significant 0.25 - fold and 0.56 - fold decrease seen in mRNA expression of Pkd2 and Wnt5a, 
respectively (n = 8, �:�H�O�F�K�¶�V t - test performed: ns = not significant, * P < 0.05, error bars 
represent SEM).  
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To shed light on the effect of the Pkhd1 T37M/T37M  mutation on 4 -month -

old mouse lungs , further  analysis was performed. Upon investigation, no 

significant changes were identified in the weight of the lung s between 4 -

month -old wildtype and Pkhd1 T37M/T37M  mice, including when mice were 

gender -matched (P > 0. 05)  (Figure 42 ).  

To further identify whether 4 -month -old Pkhd1 T37M/T37M  mouse lungs 

carried any structural abnormalities, gross histological examinations were 

performed and compared to age -matched, wildtype mice. Interestingly, 

larger airspaces could visibly be seen ( Figure 43 a �± d ) , which was further 

validated by quantifying the number of airspaces per 0.5 mm 2. This analysis 

revealed a significant reduction in the number of airspaces between 

wildtype and Pkhd1 T37M/T37M  mouse lungs (wildtype: 119 vs Pkhd1 T37M/T37M : 

94 , P < 0.05) ( Figure 43 e). This data was corroborated with an increase 

in the mean linear intercept (Lm) in Pkhd1 T37M/T37M  mice (wildtype: 37.05 

µm vs Pkhd1 T37M/T37M : 45.65 µm, P < 0.01) ( Figure 43 f ), overall 

suggesting a reduced number of alveoli in 4 -month -old Pkhd1 T37M/T37M  

mouse lungs.   
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Figure 42 : No significant differences seen in the weight of 4 - month - old lungs 
when comparing wildtype to Pkhd1 T37M/T37M  mice. Weight of lung tissue was 
measured and revealed no significant differences between 4 -month -old wildtype and 
Pkhd1 T37M/T37M  mouse lungs (n = 6 for wildtype, n = 8 for Pkhd1 T37M/T37M , �:�H�O�F�K�¶�V t - test 
performed: ns = not significant, error bars represent SEM).  

  



 

204   
 

 

 
Figure 43 : Reduced number of alveoli in 4 - month - old Pkhd1 T37M/T37M  mouse lungs 
when compared to age - matched, wildtype mice. H&E staining of (a, b)  wildtype and 
(c, d)  Pkhd1 T37M/T37M  lungs at 4 -months -old display changes in the morphological structure 
of the lung, including visibly larger airspaces (n = 4, 4x and 10x magnification, scale bar 
= 200 �Ë�P��and 100 �Ë�P, respectively) (e) Significantly reduced airspace count per 0.5 mm 2 
in 4 -month -old Pkhd1 T37M/T37M  mouse lungs than when compared to wildtype lungs (n = 3 
per section, 2 sections per mouse, 4 mice per genotype, �:�H�O�F�K�¶�V t - test performed: * P < 
0.05, error bars represent SEM) (f)  A significantly higher mean linear intercept in 
Pkhd1 T37M/T37M  lungs than when compared to age -matched wildtype s, signifying reduced 
alveoli (n = 6 per field, 3 fields per section, 2 sections per mouse, 4 mice per genotype,  
�:�H�O�F�K�¶�V t - test performed:  ** P < 0.01, error bars represent SEM) . In (e)  and (f) , the 
violin distribution s ignifies technical variation per condition. All comparisons were 
performed at 10x magnification.  

e f  
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 Previous work, including published literature and previous data from 

this study, highlight disrupted Wnt signalling pathway components in lung 

disease , as well as in ARPKD (Kim et al. , 2024; Richards et al. , 2019) . To 

dissect whether there is a role for Wnt signalling in  4-month -old  

Pkhd1 T37M/T37M  mouse lungs, �Ã-catenin protein expression was analysed , 

however , it  revealed no significant difference of both phosphorylated and 

non - �S�K�R�V�S�K�R�U�\�O�D�W�H�G���Ã-catenin protein expression when compared to age -

matched, wildtype lungs  (P > 0.05)  (Figure 44 ). Several murine models 

�K�D�Y�H�� �S�O�D�F�H�G�� �E�R�W�K�� �Ã-catenin and E -cadherin in a complex (Rocco et al. , 

1992; Huan and van Adelsberg, 1999b; Prozialeck, Lamar and Appelt, 

2004; Togawa et al. , 2011) , both of which have been commonly implicated 

in PKD . Thus,  E-cadherin protein expression was also investigated and no 

change in expression in 4 -month -old Pkhd1 T37M/T37M  mouse lungs was 

detected  (P > 0.05)  (Figure 44 ). Overall, this data suggests that the 

homozygous Pkhd1 T37M/T37M  mutation has little impact on  the protein 

expression of  some key components of the canonical and non -canonical 

Wnt signalling pathways. 
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Figure 44 : The Pkhd1 T37M/T37M  homozygous mutation has no impact on key Wnt signalling proteins in 4 - month - old mouse 
lungs.  No changes can be seen in (a, d)  phosphorylated (total) and (b, e )  non - �S�K�R�V�S�K�R�U�\�O�D�W�H�G�����D�F�W�L�Y�H�����Ã-catenin  and  (c, f )  E-cadherin 
protein expression in 4 -month -old Pkhd1 T37M/T37M  mouse lungs  when compared to wildtype littermates. Gapdh was used as a loading control . 
�7�R�W�D�O���D�Q�G���$�F�W�L�Y�H���Ã-catenin, E -cadherin, 1:1,000, Gapdh, 1:5,000, Anti -Rabbit IgG (HRP), Anti -Mouse IgG (HRP), 1:5,000  (n = 6, �:�H�O�F�K�¶�V 
t - test performed: ns = not significant, error bars represent SEM).  

a  b  

c 

d  e f  
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Having previously analysed the mRNA expression patterns of some 

known PKD and Wnt signalling targets in Pkhd1 T37M/T37M  mouse lungs, RNA -

sequencing was performed to use an unbiased approach to identify a list of 

potential Pkhd1  targets . RNA-sequencing was performed  on two 4 -month -

old wildtype lung  samples and compared to two  age -matched 

Pkhd1 T37M/T37M  lung  samples to identify changes in gene expression and any 

potential dysregulated metabolic pathways as a consequence of the 

homozygous T37M  mutation in mice.  

Using the rLog outputs from Deseq2, principal component analysis 

(PCA) displayed some variation between samples. The greatest variation 

was accounted for by principal component 1 (PC1) (PC1 = 75.1%), 

reflecting unknown factors  (Figure 45 a) . Principal component 2 (PC2) also 

displayed some separation , assumed to be a result of the genotyping of the 

mouse (PC2 = 14.13%)  (Figure 45 a) . The obvious distinction between the 

gender of the mice could be accounted for by principal component 3 (PC3), 

displaying only a 10.59% degree of variation and reflecting a small 

influence of the gender on data output (Figure 45 b ). A Euclidian distance 

plot was calculated to further assess sample -sample variation between 4 -

month -old wildtype and Pkhd1 T37M/T37M  lungs which further highlighted 

some differences between samples of both genotypes ( Figure 45 c). The 

histogram of P -values showed a higher frequency of P -values closer to 0 

than 1, implying a suitably fitted model ( Figure 45 d ). As such, the mean 

normalised count was plotted against the fold change, showing an evenly 

distributed normalised count for DEGs ( Figure 45 e). 
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Figure 45 : Quality control data from RNA - sequencing of 4 - month - old wildtype and Pkhd1 T37M/T37M  mouse lungs. A PCA plot 
generated from the rLog of normalised counts showing the relationships between 4 -month -old wildtype and Pkhd1 T37M/T37M  lung samples 
across (a)  PC1 and PC2 and (b) PC2 and PC3. (c) A Euclidian distance plot showing the relationship between 4 -month -old wildtype and 
Pkhd1 T37M/T37M  lung  samples where 0 signifies dissimilarity and 1 signifies similarity. In this comparison, samples show some differences 
between samples (d)  A histog ram showing the distribution of P -values. Values to the left of the dashed line have a P -value of less than 
0.05 (e)  An MA -plot showing the relationship between Log 2(Fold Change) compared to Log 2(mean of the normalised counts). Significant 
DEGs are coloured blue  (total 1,021  DEGs) with some potential genes of interest labelled (n = 2 , P-adjusted value < 0.05 deemed 
significant).

a  b  c 

d  e 
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Of 5,080 protein -coding genes, 1,021 DEGs had a P -adjusted value 

of less than 0.05  with 973 of these DEGs with a Log 2(Fold Change) greater 

than 1. The overall distribution pattern of DEGs for 4 -month -old 

Pkhd1 T37M/T37M  lungs  was  slightly skewed with 57%  (553 /973 ) of DEGs 

being upregulated and 43 % ( 420/973 ) DEGs  being downregulated (Figure 

46 a). Of these, 7 genes from the top 10 were upregulated with the 

remaining 3 top 10 genes being downregulated (Log 2(Fold Change) > 1, P -

adjusted < 0.05) ( Table 16 ).  Interestingly, analysis via STRING of some 

of the DEGs highlighted a network of predicted functional partners, 

including from previously associated PKD pathways  such as EGFR, ROCK1, 

ROCK2 and UMOD  (Figure 46 b - e) .
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Figure 46 : Differential expression analysis identified 973  DEGs.  (a) A volcano plot showing distribution of differential expression 

data from 4 -month -old wildtype and Pkhd1
T37M/T37M

 lungs  in relation to Log 2(Fold Change). Top 10 DEGs are labelled. Top 25 DEGs are 

coloured dark blue , top 50 DEGs are coloured blue , and top 100 DEGs are coloured sky blue . Significant DEGs are coloured light blue . 
Horizontal dashed lines signify �±Log 10 (P-adjusted value) of 0.05. Vertical dashed lines signify a Log 2(Fold change) of -1 and 1, respectively 

(n = 2, P -adjusted value < 0.05 deemed significant) (b - e)  STRING map highlighting a network of predicted functional partners including 
from PKD associated pathways for  genes of interest including  (b)  Igfbp2 , (c) Rhob , (d) Aqp2 , and (e) Wnt4 . DEGs can be identified by  
red  nodules. Predictions are made based on interactions via experiments, database, and textmining predictions and given a confide nce 
score of 0.4 ( lightest  lines), 0.7 ( darker  lines), and 0.9 ( darkest  lines) .  

a  b  c 

d  e 
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Table 16 : Top 10 differentially expressed genes identified  via RNA -sequencing analysis of 4 -month -old wildtype and Pkhd1 T37M/T37M  mouse 
lungs, ranked by P -adjusted values. Base mean and Log 2(Fold Change) also listed. Green signifies genes that are upregulated, red  signifies 
genes that are downregulated. Annotations are derived from Ensembl.  

Gene  Base Mean  Log 2(Fold Change)  P- adjusted value  Annotations  

Igfbp2  3,565.03 4.10 3.55E-18 

Regulation of cell growth; positive regulation of 

activated T cell proliferation; enables insulin - like 

growth factor receptor signalling  

Gpx2  700.82  -3.38 3.25E-14 Response to oxidative stress; oxidoreductase activity  

Lars2  155,908.85  -3.14 4.91E-14 

Leucine - tRNA ligase activity; mitochondrial 

translation; aminoacyl - tRNA metabolism involved in 

translational fidelity  

Ogt  4,419.52  2.90 2.47E-13 

Regulation of protein phosphorylation; apoptotic 

process; regulation of gene expression, protein 

ubiquitination and protein localisation to nucleus; 

response to insulin; involved in gluconeogenesis  

Calcrl  3,739.19  2.79 9.97E-13 

Angiogenesis; signal transduction; heart 

development; cell surface receptor signalling; 

calcium ion transport; calcitonin gene - related peptide 

receptor signalling  



 

212   
 

Jpt1  725.34  3.13 1.25E-10 Enables protein binding  

Surf4  1,336.82  2.76 7.22E-10 Enables cargo receptor activity; Golgi organisation  

Retnla  390.91  -2.90 1.09E-09 Signal transduction; hormone activity  

Foxf1  1,837.12  2.47 5.09E-09 

Heart development; mesoderm development; 

embryonic development; lung development including 

alveolus development; epithelial tube branching in 

lung morphogenesis; renal system development; 

cell - cell adhesion; regulation of cell migration; 

establishment of epithelial cell apical/basal polarity; 

pancreas development; vasculogenesis; transcription 

by RNA polymerase II  

Crim1  2,740.23  2.39 7.74E-09 
Cell growth; regulation of endopeptidase and 

catalytic activity  
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 Of the  DEGs identified via RNA -sequencing for 4 -month -old wildtype 

and Pkhd1 T37M/T37M  lungs, four genes were selected to be further validated 

via qRT -PCR. The genes selected all had a Log 2(Fold Change) value of > 1 

and a P -adjusted value of < 0.05 �± Igfbp2 (Log 2(Fold Change): 4.10, P-

adjusted: 3.55E -18 ), Foxf1  (Log 2(Fold Change): 2.47, P-adjusted: 5.09E -

09), Aqp2  (Log 2(Fold Change): -2.48, P-adjusted: 1.21E -06) and Wnt4 

(Log 2(Fold Change): -1.10, P-adjusted: 0.04)  (Figure 47 a). Furthermore, 

each gene was selected based on its functional roles in key biological 

processes associated with PKD  and Wnt signalling (Ustiyan et al. , 2018; 

Ranieri et al. , 2019; Wachi et al. , 2012; Kiewisz et al. , 2019; Chua et al. , 

2016) . 

 Interestingly, whilst no significant changes were identified for Igfbp2  

and Wnt4  mRNA expression via qRT -PCR (P > 0.05), a significant 0.61 - fold 

downregulation in mRNA expression was identified for Foxf1  (P < 0.05) 

when comparing wildtype to Pkhd1 T37M/T37M  lungs , contradicting the 

expression data identified via RNA -sequencing  (Figure 47 b , Figure 47 c, 

Figure 47 e) . It is apparent that these differences in expression may be 

due to the small number of samples sequenced via RNA -sequencing. 

Despite this, Aqp2  was validated  and displayed expression patterns  in 

accordance with RNA -sequencing expression data showing a significant  

0.71 - fold  downregulation in mRNA expression via qRT -PCR (P <  0.05)  

(Figure 47 d ) . To further investigate this, qRT -PCR data was split on a 

gender basis where interestingly, male mice displayed a significant 0.79 -

fold downregulation in mRNA expression of Igfbp2  (P < 0.05), a finding
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Figure 47 : Differential expression validation via qRT - PCR of four of the DEGs identified via RNA - sequencing reveals significant 
downregulation of Foxf1 and Aqp2 mRNA expression in 4 - month - old wildtype and age - matched Pkhd1 T37M/T37M  mice. (a)  A 
plot showing the Log 2(Fold Change) and -Log 10 (P-Adjusted Value) determined via RNA -sequencing of the four  selected DEGs. Upregulated 
genes are highlighted in green , downregulated genes are highlighted in red  (n = 2 , P-adjusted value < 0.05 deemed significant) (b - f) No 
significant changes seen in mRNA expression via qRT -PCR of (b) Igfbp2 and ( e) Wnt4  in 4 -month -old Pkhd1 T37M/T37M  lungs. Significant 
0. 61- fold and 0. 71- fold downregulation of mRNA expression of (c)  Foxf1 and (d)  Aqp2 , respectively  in 4 -month -old wildtype and 
Pkhd1 T37M/T37M  lungs  (n = 6, �:�H�O�F�K�¶�V t - test performed: ns = not significant, * P < 0.05, error bars represent SEM) . 

a  b  c 

d  e 
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that was not seen in female mice ( Appendix 18 , Appendix 19 ). 

Furthermore, a significant 0.73 - fold downregulation was seen in mRNA 

expression of Foxf1  in male Pkhd1 T37M/T37M  mouse lungs when compared to 

age -matched  and gender -matched , wildtype mice (P < 0.01) ( Appendix 

18 ). No significant changes were seen in mRNA expression of Aqp2  and 

Wnt4  in male Pkhd1 T37M/T37M  mice, although large biological variations could 

be seen in Aqp2  mRNA expression (P > 0.05) (Appendix 18 ). 

Comparatively, no significant changes in mRNA expression could be seen 

for Igfbp2, Foxf1 and Wnt4  in female Pkhd1 T37M/T37M  lungs  when compared 

to wildtype lungs , however, great biological variation could be seen 

between mice (P > 0.05) ( Appendix 19 ). Interestingly, Aqp2  mRNA 

expression was significantly downregulated by 0.89 - fold in female 

Pkhd1 T37M/T37M  mice when compared to  gender -matched,  wildtype mice , 

with little biological variation between mice  (P < 0.01) ( Appendix 19 ).  

 Gene set enrichment analysis  (GSEA)  was performed to determine 

the functional roles involved of DEGs in the Pkhd1 T37M/T37M  mouse lungs. 

Genes identified via the differential expression analysis were ranked based 

on their Wald Stat value. Of the 16 gene sets that were identified and 

statistically significant (P -adjusted < 0.05), only 1 was representative of 

downregulated genes , as seen by the negative normalised expression score 

(NES). This was identified as a gene set  that reflects genes that are  

downregul ated by  Kras signalling  (NES: -1.92, P -adjusted 0.01) ( Figure 

48 ). DEGs that were associated with pathways that were significantly 

represented with positive NES scores included tumour necrosis factor - �.��
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(TNF- �.)  signalling via NF - �É�%�����1�(�6�����������������3-adjusted: 0.008), transforming 

growth factor - �Ã (TGF- �Ã)  signalling (NES: 1.78, P -adjusted: 0.008), 

epithelial -mesenchymal transition (EMT) (NES: 2.41, P -adjusted: 0.008) 

and IL6/JAK/STAT3 signalling (NES: 1. 84 , P-adjusted: 0.0 08 ),  pathways 

that have repeatedly been associated with PKD pathogenesis ( Figure 48 ) 

(Dafinger et al. , 2020; Togawa et al. , 2011; Zhang et al. , 2020; Patera et 

al. , 2019; Zhou et al. , 2015) .  
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Figure 48 : Transcriptional changes seen in genes identified via RNA - sequencing 
are associated with PKD - related signalling pathways. Positive Normalised 
Expression Scores (NES) were identified for 15 of 16 statistically significant gene sets 
identified including TNF- �.���V�L�J�Q�D�O�O�L�Q�J���Y�L�D���1�)- �É�%, TGF- �Ã���V�L�J�Q�D�O�O�L�Q�J, epithelial -mesenchymal 
transition (EMT) , and IL6/JAK/STAT3 signalling . Negative NES was identified for  gene set 
reflecting genes that are downregulated by  Kras signalling (n = 2, P -adjusted value < 0.05 
deemed significant).  
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5.3 Discussion  
 

 

5.3.1  Pkhd1  May Play  a Primary Role in ARPKD �¶�V Pulmonary 

Phenotype  

 The lung  phenotype of ARPKD is the leading cause of mortality during 

the perinatal stages of development  (Guay -Woodford & Desmond, 2003; 

Bergmann et al. , 2005; Roy et al. , 1997) . However, in ARPKD,  pulmonary  

research has remained inferior to more predominantly occurring, primary 

phenotypes including in the kidney and liver. Evidence has typically 

implicated the lung phenotype as a secondary consequence to renal 

enlargement and renal failure , with studies suggesting the severity of the 

lung phenotype being  dependent on the severity of renal disease 

(Bergmann et al. , 2005; Mehler et al. , 2018) . Whilst this may be plausible , 

some  evidence suggests potential alternate mechanisms that may be in 

place, accounting for this phenotype  in ARPKD  (Smith et al. , 2006; Garcia -

Gonzalez et al. , 2007) . In this study, we set out to characterise the 

Pkhd1 T37M/T37M  mouse lung and interestingly, we found that  in this mouse 

line , Pkhd1  may play  a primary role in the ARPKD pulmonary phenotype.  

Our earlier investigations identified that overall, there were no 

significant changes in the mRNA expression of key PKD and Wnt signalling 

genes in P2 Pkhd1 T37M/T37M  mouse lungs, including in Pkhd1, Pkd1, Atmin  

and Vangl2  (Figure 40 ) . As mice were aged  to 4 -months -old , the mRNA 

expression for these four genes were significantly downregulated ( Figure 

5.3 Discussion 
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41 ). To further investigate the effect of these transcriptional changes on 

Pkhd1 T37M/T37M  mouse structural lung development, we performed gross 

histological examinations on 4 -month -old mice and interestingly found that 

these mice exhibit structural defects , including larger airspaces and 

reduced alveoli, although the overall weight of the lungs remained the same 

between wildtype and Pkhd1 T37M/T37M  mice ( Figure 42 , Figure 43 ). Protein 

expression analysis in this study revealed no change in �Ã-catenin and E -

cadherin expression  (Figure 44 ). W hilst mechanisms are yet to be 

elucidated behind the Pkhd1 T37M/T37M  lung phenotype, q RT-PCR expression 

data suggest potential involvement of some of these key PKD and non -

canonical Wnt/PCP signalling genes .  

Interestingly, it has previously been questioned whether Pkd1  acts 

downstream of Pkhd1  since mutations in Pkhd1 lacZ/lacZ  mice previously 

resulted in reduced Pkd1  expression (Williams et al. , 2008) . Importantly, 

this was not replicated in other studies, contradicting this evidence (Garcia -

Gonzalez et al. , 2007) . However, in the Pkhd1 T37M/T37M  mouse lungs, we 

have identified that mutations in Pkhd1  result in significantly decreased 

mRNA expression of Pkd1 , suggesting a potential overlap in the functional 

pathway of both Pkhd1  and Pkd1  in the lung and further evidencing the 

synergistic relationship between the two.  

Nonetheless , separately,  Pkhd1, Pkd1, Atmin  and Vangl2  have all 

previously been demonstrated to play key roles in lung development. As 

mentioned, ARPKD patients with mutations in PKHD1 have commonly 
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presented pulmonary defects, although this association has never 

previously directly been made (Al Alawi et al. , 2019; Bergmann et al. , 2018, 

2005; Guay -Woodford et al. , 2014; Guay -Woodford & Desmond, 2003) . In  

PKD1+/ - pigs, PKD1 deficiency resulted in bronchiectasis, a phenotype 

commonly observed in ADPKD (Moua et al. , 2014; Wang et al. , 2022) . 

Furthermore, in one  study , PKD1 deficiency resulted in epithelial barrier 

dysfunction with downregulation of adherens junction proteins including E -

cadherin and �Ã-catenin  (Wang et al. , 2022) . Similarly , in  Atmin Gpg6  mice, 

mutations of Atmin  resulted in abnormally small lungs , disrupting correct 

lung morphogenesis (Goggolidou et al. , 2014b) . In addition, Atmin  deficient 

mouse embryos failed to form lungs , highlighting crucial importance of 

Atmin  in lung organogenesis (Jurado et al. , 2010) . Likewise , Vangl2  has 

also  commonly been associated with lung development with defective 

Vangl2  in Vangl2 Lp mice displaying disturbed lung morphogenesis and lung 

hypoplasia in E18.5 mice (Yates et al. , 2010b) . Moreover, Vangl2 Lp
 mice 

also display disrupted branching morphogenesis and cytoskeletal 

disorganisation, a common ly observed characteristic  in ARPKD  kidneys  

(Yates et al. , 2010b) . With these genes presenting established roles in lung 

development , including in cytoskeletal organisation and branching 

morphogenesis, it would be interesting to further explore these 

mechanisms in Pkhd1 T37M/T37M  lungs to identify any potential novel role for 

Pkhd1  in  these processes in  murine lungs.  

 ARPKD is thought to derive from defects in the cilia, and interestingly, 

similar observations have been made in the lung. In murine models of 
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ciliopathic disorders, mutations  that  have been introduced to ciliary genes 

result  in pulmonary defects  (Ermakov et al. , 2009; Goggolidou et al. , 

2014b; Huangfu & Anderson, 2006; Mill et al. , 2011; Weatherbee, 

Niswander & Anderson, 2009) . For example, in a mouse model of Meckel 

syndrome where mutations of Mks1  result in null expression, Mks1 krc  mice 

present pulmonary hypoplasia as early as embryonic day 18.5 (E18.5)  

(Weatherbee, Niswander & Anderson, 2009) . In addition, mutations in 

Wdr35  develop lung hypoplasia, supporting the theory that pulmonary 

defects can result from ciliary dysfunction  (Mill et al. , 2011) . It may be 

interesting to note that alongside Pkhd1 , whose  loss results in disrupted 

and aberrant cilia ry  formation (Masyuk et al. , 2003; Woollard et al. , 2007; 

Mai et al. , 2005; Kim et al. , 2008) , Atmin  also plays an established role in 

ciliogenesis with loss of Atmin  reducing the number of cilia  and cilia length 

(Goggolidou et al. , 2014b) . Furthermore, in Pkd1 RC/RC mice, elongation of 

primary cilia was apparent when compared to wildtype mice, which was 

exacerbated when mice were crossed with Pkhd1 - / -  mice (Hopp et al. , 2012; 

Olson et al. , 2019) . In another study, Vangl2  demonstrated a role in 

directing posterior tilting and asymmetric localisation of primary cilia 

(Borovina et al. , 2010)  and thus, overall, this data makes it tempting to 

speculate whether aberrant ciliogenesis plays a part in lung morphogenesis 

in ARPKD and it would be interesting to further investigate this in future 

studies.  

 Nonetheless, in this study, we have demonstrated that the 

homozygous T37M mutation in  Pkhd1  in mice results in  an abnormal lung 
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phenotype and in altered expression of key PKD and Wnt signalling genes. 

Furthermore, we provide evidence for the potential overlap in Pkhd1  and 

Pkd1  function , suggesting that Pkd1  may act downstream of Pkhd1  in the 

lung.  Together , this data suggests that the lung phenotype seen in ARPKD 

may be a primary characteristic of disease and that Pkhd1  may be essential 

for correct lung development . 
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5.3.2 Transcriptional Analysis Identifies PKD -Related DEGs  and 

Dysregulated Metabolic Pathways in Pkhd1 T37M/T37M  Mice, 

Including Aqp2  and Igfbp2 , and STAT3 Signalling  

In this study, using an unbiased approach, we identified some further 

potential targets  and dysregulated metabolic pathways via transcriptional 

analysis of 4 -month -old wildtype and Pkhd1 T37M/T37M  lungs  ( Figure 45  �± 

Figure 47 ).  Interestingly,  Aqp2  was identified as a DEG via RNA -

sequencing ( Log 2(Fold Change): -2.48, P-adjusted: 1.21E -06 ) and further 

validated via qRT -PCR (0.71 - fold downregulation)  (Figure 47 ) . Aquaporin -

2 ( AQP2) has been a crucial target for current pharmacological treatment 

in ADPKD and being investigated as a potential target  for ARPKD  through 

use of Tolvaptan ( ClinicalTrials.gov number: NCT04782258; 

NCT04786574) (Mekahli et al. , 2023; Makabe et al. , 2021; Tamma et al. , 

2017) . Tolvaptan, through antagonising vasopressin V2 receptor (V2R), 

suppresses AQP2 trafficking and function  to the collecting ducts  (Makabe et 

al. , 2021; Tamma et al. , 2017) . Interestingly, AQP2 expression is most 

commonly localised to the kidneys, with abundant expression in the renal 

collecting ducts and also through the male reproductive tract (Carrageta et 

al. , 2020; Kwon, Frøkiær & Nielsen, 2013) . In the lung however, commonly 

expressed members of the aquaporin superfamily include aquaporin -1 

(AQP1), aquaporin -3 (AQP3), aquaporin -4 (AQP4) and aquaporin -5 (AQP5 ) 

(Sato et al. , 2004; Towne et al. , 2000; Wu et al. , 2015; Kreda et al. , 2001; 

Wittekindt & Dietl, 2019) . Thus , in this study, it is interesting that AQP2 is 
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a DEG in Pkhd1 T37M/T37M  mouse lung s. AQP2 is an essential water channel 

protein  with key roles in regulating water -balance homeostasis  (Carrageta 

et al. , 2020; Kwon, Frøkiær & Nielsen, 2013) . Furthermore, AQP2 is also 

required for vasopressin mediated F-actin depolymerisation in renal 

epithelial cells , with separate studies highlighting increased apoptosis  and 

consequentially reduced water permeability  in AQP2 -expressing cells (Yui 

et al. , 2012; Flamenco et al. , 2009) . Whilst  this study highlights  a potential 

novel role  for AQP2 that may contribute to the  Pkhd1 T37M/T37M  mouse  lung 

phenotype , it would be interesting to further investigate potential 

mechanisms that may be implicated.  

RNA-sequencing also identified Foxf1 as a DEG with a Log 2(Fold 

Change) of 2.47 ( P-adjusted: 5.09E -09) however, when validated via qRT-

PCR, the mRNA expression was significantly downregulated by 0.61 - fold  

(Figure 47 ) . A similar trend  was  observed in Igfbp2  expression with RNA -

sequencing identifying a Log 2(Fold Change) of 4.10 ( P-adjusted: 3.55E -18), 

yet in qRT -PCR, a significant 0.79 - fold downregulation in mRNA expression 

was observed , only in male mice (Figure 47 , Appendix 18 ) . Whilst these 

differences in expression data may  arise  due to the small sample size, it is 

evident that these DEGs may still be involved  in the pulmonary phenotype 

in Pkhd1 T37M/T37M  mouse lungs.  Foxf1  is crucial for correct lung 

morphogenesis with depletion resulting in aberrant branching 

morphogenesis (Ustiyan et al. , 2018) . As well as this, Foxf1 has been 

identified as an activator of several Wnt genes, including Wnt5a  and Wnt11 , 

genes with established roles in PKD (Ustiyan et al. , 2018; Goggolidou et 



 

225   
 

al. , 2014a; Richards et al. , 2019; Nagy et al. �����������������2�¶�%�U�L�H�Q��et al. , 2018) . 

Separately , n ovel roles have been highlighted for IGFBP2  with IGFBP2  

coprecipitating and colocalising with EGFR and  also playing roles  in 

activating EGFR/STAT3 signalling  (Chua et al. , 2016) . Importantly, both 

signalling pathways have been significantly implicated in PKD  (Chua et al. , 

2016; Dafinger et al. , 2020; Veizis & Cotton, 2005) . Overexpression of 

EGFR has been evident in cyst - lining epithelia with pharmacological 

inhibition ameliorating renal and hepatic disease phenotypes in Bpk  mice 

and PCK rats (Sweeney, Frost & Avner, 2017) . Likewise, Pol ycystin -1 (PC -

1), the protein product of PKD1, regulates STAT3 , with inhibition of STAT3 

appearing to ameliorate renal cyst growth in a PKD mouse model  (Takakura 

et al. , 2011) . Taken together, this data highlights potential novel targets of 

Pkhd1  in Pkhd1 T37M/T37M  mouse lungs.  

GSEA analysis in this study was employed to uncover  any potential 

dysregulated metabolic pathways  in Pkhd1 T37M/T37M  mouse lungs and 

interestingly, key pathways previously associated with PKD were identified  

(Figure 48 ) . IL6/JAK/STAT3 signalling was highlighted as a dysregulated 

metabolic pathway in Pkhd1 T37M/T37M  mouse lungs (NES: 1.84, P -adjusted: 

0.008) ( Figure 48 ). In  acute kidney injury (AKI) , activation of JAK/STAT 

signalling is  apparent,  with AKI also triggering an increase of IL6, resulting 

in both protective and exacerbating roles in renal injury  (Nechemia -Arbely 

et al. , 2008) . Separately, STAT signalling has been extensively linked to 

the pathogenesis of PKD with current potential therapeutic treatments 

targeting elevated levels of STAT3 signalling in PKD (ClinicalTrials.gov 
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number: NCT02494141 ) (Takakura et al. , 2011; Strubl et al. , 2020; Nowak 

et al. , 2020) . Likewise, other dysregulated pathways in the Pkhd1 T37M/T37M  

lungs include TNF- �.���V�L�J�Q�D�O�O�L�Q�J�� �Y�L�D���1�)- �É�%�����1�(�6���� ������������ �3-adjusted: 0.008), 

TGF- �Ã signalling (NES: 1.78, P -adjusted: 0.008)  and  epithelial -

mesenchymal transition (EMT) (NES: 2.41, P -adjusted: 0.008) , all of which 

have independently been associated and/or targeted in PKD pathogenesis 

and treatment ( ClinicalTrials.gov number: NCT02697617 )  (Hassane et al. , 

2010; Zhang et al. , 2020; Kawai et al. , 2009; Togawa et al. , 2011; Zhou 

et al. , 2015; Kanhai et al. , 2020) . Overall , dysregulation of th ese pathway s 

in Pkhd1 T37M/T37M  mice brings about the question of  whether similar 

mechanisms of action are present  in the lung or  whether there is a 

relationship or  potential  that the lung phenotype contribute s to the renal 

phenotype . 

 In conclusion , i t is intriguing that the  4-month -old  Pkhd1 T37M/T37M  

mouse lungs present a phenotype characterised by structural and 

transcriptional changes, especially since the Pkhd1 T37M/T37M  mouse renal 

phenotype appears mild , with no evidence of renal enlargement or renal 

failure at this age ( Chapter 3 ). Albeit limited research, a similar phenotype 

has only been apparent in one previous Pkhd1  model where deletion of 

exons 3 -4 resulted in death of a subset of mice due to respiratory 

insufficiency (Garcia -Gonzalez et al. , 2007) . In this model, Pkhd1 del3 -4/del3 -4 

mice presented delayed onset of a renal phenotype, suggesting the lung 

phenotype to be a primary effect of Pkhd1  mutations (Garcia -Gonzalez et 

al. , 2007) . However, limited data from this study is available regarding the 
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involvement of the lung in Pkhd1 - targeted mice and potential mechanisms 

involved.  Thus,  in this study,  for the first time, we validate that Pkhd1  may 

have  a primary role in ARPKD  and that Pkhd1 may be  required for correct 

lung morphogenesis . As well as this, we  highlight key transcriptional 

targets , metabolic pathways and molecular mechanisms that may be 

involved in the pulmonary phenotype. 
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6.1 Study Perspectives  
 

6.1.1  The Pkhd1 T37M/T37M  Mouse Model is a  Novel Model That 

Resembles Mild ARPKD  

 In current literature, it is evident that whilst several ARPKD models 

exist, the disease is not accurately modelled , with the severity of the 

disease not being reflected in murine models, especially in younger mice. 

In spontaneous models of disease, such as the Cpk  or Bpk  mice, a renal 

and hepatic phenotype is  displayed, including evidence of postnatal 

lethality ( Table  1 ), however the spontaneous mutations occur in genes that 

have not been associated with human ARPKD (Nauta et al. , 1993; Guay -

Woodford et al. , 1996; Fry et al. , 1985) . In Pkhd1 - targeted models, whilst 

the gene targeted is the earliest identified mutated gene in ARPKD, mice 

present variable disease presentation, including little or no renal 

phenotype, progressive disease, or gender -specific disease  (Table  1 )  

(Bakeberg et al. , 2011; Woollard et al. , 2007; Gallagher et al. , 2008; 

Outeda et al. , 2017; Ishimoto et al. , 2023) . Together, whilst these mouse 

models have made significant  contributions to ARPKD research so far, it 

has made it extremely difficult to accurately study ARPKD pathogenesis and 

advance pre -clinical investigations for the disease.  

 For this study, we set out to characterise the C3H -Pkhd1 T37M/T37M  

mouse model, carrying the most common and most severe truncating 

mutation presented in human ARPKD,  by performing experiments in the 

6.1 Study Perspectives 
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kidney, liver and lung and across three developmental stages �± P2, 4 -

months -old and 9 -months -old. In summary, we identified that this mouse 

model carries an overall mild kidney phenotype, liver defects and a primary 

lung phenotype. In the kidney, the Pkhd1 T37M/T37M  mice display renal tubular 

dilation, initiating from around P2, and presenting throughout the ageing 

of the mice  (Table 17 ) . The kidneys also exhibit significant cytoskeletal 

defects at around 9 -months -old, suggesting potential involvement  of the  

non -canonical Wnt signalling  pathway  (Table 17 ) . In the liver, whilst the 

overall liver phenotype was mild, we discovered that the Pkhd1 T37M/T37M  

mouse carries a progressive liver phenotype, and that during this, �Ã-catenin 

expression is  increased  (Table 17 ) . Together, this highlights a relationship 

between canonical Wnt signalling and liver  fibrosis and  opens up the avenue 

for future  mechanistic and therapeutic testing for liver fibrosis.  For the first 

time, we present evidence , including defective lung structure despite a mild 

renal phenotype and altered mRNA expression of key PKD and Wnt 

signalling genes, that mutations in Pkhd1  may result in a primary lung 

phenotype in ARPKD (Table 17 ) . This  adds novel value and  may change 

current perspectives on the molecular mechanisms behind the ARPKD lung 

phenotype and the relationship between Pkhd1  and lung development.  

 Whilst we describe a phenotype  characteristic of ARPKD  in the 

Pkhd1 T37M/T37M  mouse model, like previously described Pkhd1 - targeted 

models, the disease presentation  is overall mild and does not reflect severe 

ARPKD. Even with ag eing, the phenotype in  the  Pkhd1 T37M/T37M  mouse model  

remains mild  and suggest s a slowly progressive disease phenotype.  Whilst
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Table 17 :  A summary of the phenotype presented in  the  Pkhd1 T37M/T37M  m ouse model  across  all  investigated developmental stages.  

 Kidney  Liver  Lung  

P2  

Pkhd1 T37M/T37M  mice  

Tubular dilation observed in the cortex; 

no changes in mRNA expression of 

Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a and 

Wnt9b  

No visible differences in gross 

structure; no changes in mRNA 

expression of Pkhd1, Pkd1  and 

Wnt5a  

No changes in mRNA 

expression of Pkhd1, Pkd1, 

Atmin and Vangl2  

4 - month - old  

Pkhd1 T37M/T37M  mice  

 

Loss of Fibrocystin protein expression; 

tubular dilation observed throughout 

kidney; no changes in mRNA expression 

of Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a  

and Wnt9b; no changes in protein 

expression of total and active �Ã-catenin , 

E-cadherin and Scribble; 54 DEGs 

identified including Tacstd2, Epor  and 

Muc1 ; oxidative phosphorylation 

signalling dysregulated; no changes in 

Aqp2 localisation and protein expression  

 

No visible differences in gross 

structure; no detection of 

fibrotic tissue; increased 

number of fat deposits; no 

changes in mRNA expression of 

Pkhd1, Pkd1 and Wnt5a  

Downregulated mRNA 

expression of Pkhd1, Pkd1, 

Atmin  and Vangl2 ; reduced 

number of alveoli; no changes 

in protein expression of total 

and active  �Ã-catenin  and E -

cadherin; 973 DEGs identified 

including Igfbp2, Foxf1 and 

Aqp2 ; IL6/JAK/STAT3 signalling 

dysregulated  
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9 - month - old  

Pkhd1 T37M/T37M  mice  

Mild changes in kidney function 

markers; loss of Fibrocystin protein 

expression; tubular dilation observed 

throughout kidney; no changes in 

mRNA expression of Pkhd1, Pkd1, Pkd2, 

Atmin, Wnt5a  and Wnt9b; no changes 

in protein expression of total and active 

�Ã-catenin , E -cadherin and Scribble; 

normal ciliogenesis; disorganised 

cytoskeleton  

Normal liver function markers; 

presence of fibrotic tissue; 

increased active �Ã-catenin  

staining  

N/A  
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this is somewhat unsurprising for the kidney, it is interesting to observe for 

the liver since a liver phenotype is typically an invariant finding in other 

ARPKD models  (Moser et al. , 2005; Woollard et al. , 2007; Garcia -Gonzalez 

et al. , 2007; Gallagher et al. , 2008) . One possibility is that the T36M 

mutation in mice presents alternative functions compared to in humans . 

Previous studies, through predictions, have suggested that introducing the 

T36M mutation in vivo  would result in similar protein folding as in humans 

with a resultant, truncated protein (Furu et al. , 2003) . In our study, we 

validate that, at least in the kidney, this mutation results in diminished 

Fibrocystin expression . However, patients with heterozygous or 

homozygous T36M mutations present severe renal and liver manifestations , 

a finding  which  in mice, is not apparent (Rossetti et al. , 2003; Bergmann 

et al. , 2005; Al Alawi et al. , 2019; Wicher et al. , 2020) .  

In extension, it is difficult to ignore that Fibrocystin on its own may 

present alternative functions in mice than in humans. This comes from the 

fact that most mutations in PKHD1 are pathogenic and often result in severe 

renal or hepatic disease  in humans  (Furu et al. , 2003; Bergmann et al. , 

2005; Al Alawi et al. , 2019; Obeidova et al. , 2015; Gunay -Aygun et al. , 

2010b; Bergmann et al. , 2003)  however, in mice, mutations in Pkhd1  

typically result in little or no phenotype (Garcia -Gonzalez et al. , 2007; 

Gallagher et al. , 2008; Woollard et al. , 2007; Outeda et al. , 2017; Ishimoto 

et al. , 2023; Moser et al. , 2005) . In direct example, in a child harbouring 

the IVS5 + 1G �Æ T mutation  which is  expected  to cause aberrant splicing 

of exon 5,  the patient resulted in neonatal death due to enlarged kidneys , 
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yet in Pkhd1 del4  mice where the mutation deletes part of exon 4 and all of 

exon 5, mice presented functionally and histologically normal kidneys (Furu 

et al. , 2003; Gallagher et al. , 2008) . Similar observations are made in the 

Pkhd1 �©67  mice, which replicate truncated mutations reported in the 

ARPKD/ PKHD1 mutation database yet  present no renal or hepatic 

phenotype  in mice (Garcia -Gonzalez et al. , 2007) . Notably, in published 

literature, mutations in Pkhd1  also result in a pancreatic phenotype in 

rodent models , yet mutations in PKHD1 �G�R�Q�¶�W���S�U�R�G�X�F�H�� �W�K�H�� �V�D�P�H�� �H�I�I�H�F�W���L�Q��

humans (Guay -Woodford, 2000; Moyer et al. , 1994; Garcia -Gonzalez et al. , 

2007; Gallagher et al. , 2008; Kim et al. , 2008; Williams et al. , 2008) . 

Although we did not characterise the pancreatic phenotype , unlike human 

ARPKD, the almost absent Fibrocystin protein expression in  Pkhd1 T37M/T37M  

mouse kidneys resulted in only a mild renal phenotype. With patients 

typically presenting a predominating renal or liver phenotype, it is also 

apparent that these differences are present in the liver, with the 

Pkhd1 T37M/T37M  mice also presenting a mild liver phenotype . T ogether, this 

model reflects the differences seen in Fibrocystin function in the kidneys 

and livers of humans and mice.  

Interestingly, it is also evident that Fibrocystin function is greatly 

influenced by genetic strain differences  which is commonly reported across 

several rodent studies  (Gattone, MacNaughton & Kraybill, 1996; Guay -

Woodford, 2000; Guay -Woodford et al. , 1996; Sommardahl et al. , 2001; 

�2�¶�0�H�D�U�D��et al. , 2012; Woollard et al. , 2007) . In Pkhd1 T37M/T37M  mice, this 

could be a likely explanation for the phenotypes observed since in these 
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studies, intercrossing mice onto other genetic backgrounds significantly 

alters  the presented phenotypes, especially in the kidney.  I n one study, 

when mice were crossed from an FVB/N background to C3H background 

mice, the renal, liver and pancreatic phenotypes appeared milder and 

delayed , with C3H background mice surviving longer than FVB/N mice 

(Sommardahl et al. , 2001) . In these intercrossed models, through 

quantitative trait loci (QTL) experiments, researchers have tried to dissect 

specific genetic loci that may influence renal disease severity (Guay -

Woodford, 2003; Sommardahl et al. , 2001; Guay -Woodford et al. , 2000) . 

In the  FVB/N x C3H Orpk  mice, QTL interval between D4Mit221 �± D4Mit233  

on chromosome 4 likely represents a potential modifier locus of renal cystic 

disease (Sommardahl et al. , 2001) . Similarly, in BALB/c x CAST /Ei  Bpk  

mice, QTL interval D6Mit14  on chromosome 6  and interval D1Mit117 on 

chromosome 1 also appear to moderately influence renal disease severity  

(Guay -Woodford et al. , 2000) . From this, further investigations can be 

performed to narrow down candidate genes  that also map to these intervals 

and  potentially  play roles as genetic modifiers of PKD  (Sommardahl et al. , 

2001; Guay -Woodford, 2003; Guay -Woodford et al. , 2000) . Nonetheless , 

in the Pkhd1 T37M/T37M  mouse model, it remains possible that  the C3H 

background carries some possible genetic modifiers that can alter disease 

severity and potentially play protective roles.  
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6.1.2  Novel Transcriptional Targets of Pkhd1  and Dysregulated 

Metabolic Pathways  

 The genetic diversity exhibited in ARPKD models of disease makes it 

extremely challenging to understand and dissect the molecular mechanisms 

involved in disease pathogenesis. To overcome some of these challenges,  

in this study, we employed RNA -sequencing to use an unbiased approach 

to identify novel targets of Pkhd1  and potential dysregulated metabolic 

pathways in the  kidneys and lungs of the  Pkhd1 T37M/T37M  mouse model.  

In the kidney, transcriptional analysis revealed key DEGs that were 

directly involved in pathways that are reportedly dysregulated in PKD , 

including Muc1, Muc20, Epor  and Tacstd2 . Of these, Muc1  was highlighted 

as a promising Pkhd1  target due to its established roles in kidney disease, 

as well as its  roles in  cellular functions such as cell adhesion and migration  

and its evident interactions with Wnt signalling and EGFR signalling 

molecules (Engel et al. , 2016; Wen et al. , 2003; Kachmar et al. , 2024; 

Baldus et al. , 2004) . Similarly, Tacstd2  was also highlighted  as a novel  

Pkhd1  target due to its established roles  in kidney development such as 

regulation of epithelial cell migration and proliferation, ureteric bud 

morphogenesi s and cellular functions such as cell motility and cell adhesion 

(Vidula, Yau & Rugo, 2022) . Interestingly , recent research has also 

highlighted Tacstd2  as a potential target for ADPKD treatment due to its 

abundant expression in cyst - lining epithelia in both mouse and human 

samples (Smith et al. , 2023) . Thus, it is interesting to observe that  Muc1  
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and  Tacstd2  are  DEGs in the Pkhd1 T37M/T37M  mouse model and additional 

work would need to be carried out to dissect this. As well as this , genes 

such as Muc20  and Epor  could also be promising targets of Pkhd1 due to 

their evidenced interactions with molecules from  dysregulated PKD 

metabolic pathways such as  Wnt signalling, EGFR signalling and JAK/STAT 

signalling pathways (Chen et al. , 2013; Engel et al. , 2016; Kim et al. , 2018; 

Baldus et al. , 2004; Watowich, 2011) . Separately , GSEA analysis 

highlighted oxidative phosphorylation as a dysregulated metabolic pathway 

in Pkhd1 T37M/T37M  kidneys , mimicking recent studies where mutations in 

Pkd1  result in similar effects (Hajarnis et al. , 2017; Menezes et al. , 2016; 

Podrini, Cassina & Boletta, 2020; Ishimoto et al. , 2017) . With established 

roles for Pkhd1  in energy metabolism and cystogenesis, additional work 

would need to be carried out to dissect these relationships (Ishimoto et al. , 

2017; Chumley et al. , 2019; Walker et al. , 2023) . 

In this study, we also performed transcriptional analysis in 

Pkhd1 T37M/T37M  mouse lungs to identify potential mechanisms and molecular 

pathways that may be dysregulated as a result of the Pkhd1  mutation. From 

this , Aqp2  and Igfbp2  were identified as novel targets of Pkhd1 , with our 

investigations highlighting IL6/JAK/STAT3 signalling as a dysregulated 

molecular pathway in Pkhd1 T37M/T37M  mice. Importantly, Aqp2  is a key water 

channel protein with roles in the cytoskeleton, and a key target of 

Tolvaptan, the only ADPKD approved drug  (Tamma et al. , 2017; Mekahli et 

al. , 2023; Makabe et al. , 2021) . Separately , recent research has identified 

novel roles  for Igfbp2  in EGFR/STAT3 signalling , both of which have been 
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implicated and subject to several pre -clinical trials for PKD treatment  (Chua 

et al. , 2016; Dafinger et al. , 2020; Veizis & Cotton, 2005) . It is important 

to note that PC-1, the protein product of PKD1, regulates STAT signalling, 

including the activation of STAT3 and in our study, Pkd1  mRNA expression 

is significantly altered  (Figure 41 ) (Takakura et al. , 2011; Bhunia et al. , 

2002; Talbot et al. , 2011) . Thus, it would be interesting to dissect whether 

mutations in Pkhd1 , through altered Pkd1  expression, regulate s STAT 

signalling, resulting in the observed Pkhd1 T37M/T37M  mouse lung phenotype.  
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6.2 Study Limitations  
 

 It is important to recognise that in this study, certain limitations that 

we were unable to eliminate  were present. Having tried to overcome the 

issue with current ARPKD models regarding the lack of or unrepresentative 

renal phenotype, we expected that the T36M  mutation in mice would result 

in a more severe renal phenotype, as evident in human ARPKD. Instead, 

this mutation in mice resulted in a mild kidney phenotype and one 

possibility could be  that of alternative splicing. Pkhd1  is a transcriptionally 

comp lex gene, including in wildtype murine kidneys, where multiple bands 

for Fibrocystin have been detected via western blot analysis in different 

groups (Bergmann et al. , 2006; Masyuk et al. , 2003; Menezes et al. , 2004; 

Wang et al. , 2004; Zhang et al. , 2004; Boddu et al. , 2014; Yang et al. , 

2023) . I n Pkhd1 del3 -4/del3 -4 mice, mutant alleles also resulted in alternatively 

spliced transcripts (Garcia -Gonzalez et al. , 2007) . In the present study, we 

detected bands for Fibrocystin in wildtype 4-month -old and 9 -month -old 

kidneys at around 460 kDa. However, we did not investigate whether the 

homozygous mutation results in alternative splicing , which could account 

for the suppressed renal phenotype that is observed.  Nonetheless, it is not 

surprising that the renal phenotype is mild in Pkhd1 T37M/T37M  mice since 

several factors, including mouse background and potential differences in 

Fibrocystin function in humans versus mice, coul d also account for this 

phenotype, as observed in other ARPKD models.  

6.2 Study Limitations 



 

240   
 

Separately, d ue to the large size of the Fibrocystin protein, we were 

unable to validate whether Fibrocystin protein expression was reduced in 

the liver s and lung s of Pkhd1 T37M/T37M  mice. However, since this was 

validated in the kidneys,  and a phenotype is observed in both the liver and 

lung,  it is unlikely that the homozygous Pkhd1 T37M/T37M  mutation would not 

have decreased Fibrocystin protein expression in these organs . 

In severe ARPKD, proximal tubule dilation is a common finding in 

foetuses of an early age and by 34 - �Z�H�H�N�V�¶ gestation, this tends to 

predominate in the collecting ducts, being responsible for renal 

enlargement (Nakanishi et al. , 2000) . Similarly, i n several previous ARPKD 

models where tubular dilation or a  renal cystic phenotype was  apparent, it 

was made obvious that this  originate s mostly from the proximal tubules 

and  shift s to the collecting duct as mice age  (Avner et al. , 1987; Moyer et 

al. , 1994; Hou et al. , 2002; Kim et al. , 2008; Williams et al. , 2008; 

Bakeberg et al. , 2011) . In our study, although tubular dilation was evident 

in the kidneys of Pkhd1 T37M/T37M  mice, we were unable to  determine whether 

this phenotype was more prominent in particular nephron segments such 

as in the proximal tubules or collecting ducts , making it difficult to conclude 

whether this particular phenotype follows a similar pattern  to human 

ARPKD. Despite this , since the Pkhd1 T37M/T37M  mice carry a renal tubular 

defect, this model can still be used to investigate mechanisms related to 

this.  
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A significant limitation to this study is the limited number of samples 

that were available to use for some investigations. Using power 

calculations, we were able to determine that at least 6 replicate animals 

per genotype would be sufficient to draw signi ficant conclusions, and in the 

most part, this was adhered to. However, in investigations such as the 4 -

month -old kidney and lung RNA -sequencing analysis, this was difficult to 

follow. For each condition in both organs, at least 2 biological samples were 

used, except for in 4-month -old Pkhd1 T37M/T37M  kidneys where 3 biological 

repeats were used. In published findings,  studies have found that gene set 

analysis is proportional to the sample size , and a higher number of samples 

equates to better reliability and reproducibility  (Maleki et al. , 2019) . 

Similarly, the number of  DEGs identified is also relative to the number of 

biological samples , with one study suggesting that 3 biological replicates is 

sufficient to identify only 20 �± 40% of significant DEGs (Schurch et al. , 

2016) . Together, this information highlights that there is a possibility of 

false positives , with a number of DEGs that may potentially have been 

missed. Nonetheless, DESeq2, which has been used in this study to identify 

DEGs, has been highlighted as an ideal tool to use in studies with fewer 

than 12 biological replicates (Schurch et al. , 2016) .  

Relative to the above, throughout our investigations, it  became clear  

that gender plays a significant role in some phenotypes observed in 

Pkhd1 T37M/T37M  mice, and on occasion, resulted in great biological variation. 

Due to certain limitations , we were unable to perform gender analysis  with  

more biological  repeats , making  it  difficult to determine significance and 
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draw some conclusions. To overcome this, researchers using the 

Pkhd1 T37M/T37M  mouse model for future work should design their studies 

factoring in potential sexual dimorphism to attain  more  accurate results.  
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6.3 Future Directions  
 

 Throughout our investigations , we highlighted the impact that the 

homozygous T36M mutation in  Pkhd1  has on the kidney, liver and lung of 

C3H background mice. Furthermore, we were also able to uncover a range 

of potentially dysregulated molecular pathways and novel targets of Pkhd1  

and thus, future work is required to further dissect this.  

 In the kidney , Muc1  and Tacstd2  were identified as novel Pkhd1  

target s that were  differentially expressed  in 4 -month -old Pkhd1 T37M/T37M  

mouse kidneys . To understand  the importance of these results, validation 

experiments would need to be performed , including localisation and 

expression analysis alongside Pkhd1  to try and dissect their potential 

relationships.  Furthermore, this study has highlighted the importance of 

sexual dimorphism in murine models, especially in the kidney. From this, 

and work in some previous ARPKD models, it is apparent that female mice  

generally  present protected PKD phenotypes . Likewise, it is obvious that 

mouse background has similar effects. Since the mechanisms behind this 

remain unexplored, further work such as transcriptional analysis to identify 

potential genetic modifiers, is required.  

 This study identified that the Pkhd1 T37M/T37M  mouse model carries a 

progressive liver fibrosis phenotype that is exhibited at around 9 -months -

old. Published literature in other ARPKD models ha ve  highlighted that mice 

exhibiting liver fibrosis often do so in a progressive manner, with more 

6.3 Future Directions 
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prominent phenotypes being evident in mice around 9 -months -old or older. 

Since  mice were only aged to 9 -months -old in this study , it would be 

interesting to perform characteristic experiments in Pkhd1 T37M/T37M  mice 

past this age  to identify how the liver phenotype progresses. Nonetheless, 

this study also made evident the relationship between liver fibrosis and 

canonical Wnt signalling , through the evidently increased expression of �Ã-

catenin  in 9 -month -old Pkhd1 T37M/T37M  mice when compared to wildtype 

mice . Given that  we were unable to dissect a potential transcriptional 

relationship  in aged mice  through analysis of Wnt5a  mRNA expression , it 

would be interesting to first validate this and  secondly, perform  similar 

experiments  investigating �Ã-catenin  expression  in Pkhd1 T37M/T37M  mice  aged  

past 9 -months -old . This could add further evidence and prove whether  this 

mouse model is a good tool to study the molecular mechanisms of fibrosis 

in future.  

 Excitingly, our investigations in the lung highlight a novel role for 

Pkhd1  in lung development and sheds light on the lung phenotype 

potentially being a primary phenotype in ARPKD. Interestingly, qRT-PCR 

analysis revealed significant changes in mRNA expression of key genes, 

including Pkd1, Atmin  and Vangl2 . These genes have been highlighted as 

crucial genes for correct lung development, with separate studies 

highlighting mutations in these genes resulting in aberrant cilia. Notably, 

aberrant cilia in the lung can result in a pulmonary phenotype, similar to 

tha t which is observed in ARPKD, such as pulmonary hypoplasia. Thus, it 

would be interesting to perform experiments in Pkhd1 T37M/T37M  mouse lungs 
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to identify whether Pkhd1,  through defective cilia, can result in defects in 

lung development.  Should this prove promising, future work, such as 

intercrossing Pkhd1 T37M/T37M  mice with Atmin Gpg6  and Vangl2 Lp mice, could 

be useful in identifying whether  Atmin  or Vangl2  behave as genetic 

modifiers of disease in ARPKD.  

Nonetheless, RNA -sequencing analysis in this study  identified both 

Aqp2  and Igfbp2  as novel targets of Pkhd1  in the lung , with our 

investigations highlighting IL6/JAK/STAT3 signalling as a dysregulated 

molecular pathway in Pkhd1 T37M/T37M  mice. Since  STAT3 signalling has also 

been implicated in PKD , and Pkd1 , a regulator of STAT signalling, is 

aberrantly expressed in Pkhd1 T37M/T37M  mice , taken together, results from 

our study highlight a potential novel mechanism by which lung 

development is altered in ARPKD . Future experiments targeting these 

mechanisms could prove crucial in dissecting th ese relationships.   
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6.4 Concluding Remarks  
 

Overall, in this study, we have characterised the novel Pkhd1 T37M/T37M  

mouse model and have found that in all, this mouse model mimics ARPKD 

through phenotypes in the kidney, liver and lung. Our data highlights that 

in mice, the T36M mutation results in almost absent  Fibrocystin protein 

expression and suggests some potential differences in Fibrocystin function 

between mice and humans, which should be explored in future studies. 

Despite this, our data paves the way for further investigations into 

dissecting the mechani sms behind the cytoskeletal rearrangements seen in 

ARPKD ki dneys,  as well as the liver fibrosis phenotype. We also uncover a 

novel role for Pkhd1  in lung development and  highlight that the lung 

phenotype in ARPKD may be a primary characteristic rather than secondary 

phenotype of disease .  

Importantly,  our data has  highlighted novel potential targets and 

mechanisms which may be dysregulated in ARPKD through mutations in 

Pkhd1 . This includes targets such as Muc1 and Tacstd2  in the kidney ;  Aqp2  

and Igfbp2  in the lung ;  and  dysregulated mechanisms such as oxidative 

phosphorylation and STAT3 signalling in both the kidney and lung, 

respectively. Together, this data proves the  Pkhd1 T37M/T37M  model to be a 

useful tool  for multi -organ ARPKD study and to advance our understanding 

of the potential molecular mechanisms involved.   

6.4 Concluding Remarks 
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Appendix 1 : Ethics approval letter issued by the Life Science Ethics Committee at 
the University of Wolverhampton.  Ethics approval number LSEC/201920/PG/86.   
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Appendix 2 : Significantly downregulated Wnt5a mRNA expression in male 
Pkhd1 T37M/T37M  mice at P2. A 0.27 - fold decrease in Wnt5a mRNA expression in male 
Pkhd1 T37M/T37M  mouse kidneys when compared to age -matched, wildtype littermates. No 
significant changes were identified in Pkhd1, Pkd1, Pkd2, Atmin, and Wnt9b mRNA 
expression in male mice (n = 3, �:�H�O�F�K�¶�V t - test performed: ns = not significant, * P < 0.05, 
error bars represent SEM) .  
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Appendix 3 : No significant changes found in mRNA expression of Pkhd1, Pkd1, 
Pkd2, Atmin, Wnt5a and Wnt9b in female Pkhd1 T37M/T37M  mice at P2. (n = 3, �:�H�O�F�K�¶�V 
t - test performed: ns = not significant, error bars represent SEM).  
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Appendix 4 : No changes were seen in the mRNA expression of key PKD and Wnt 
signalling genes in 4 - month - old male Pkhd1 T37M/T37M  mouse kidneys when 
compared to male wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a, and 
Wnt9b mRNA expression (n = 4 -5, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error 
bars represent SEM).  
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Appendix 5 : No changes were seen in the mRNA expression of key PKD and Wnt 
signalling genes in 4 - month - old female Pkhd1 T37M/T37M  mouse kidneys when 
compared to female wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, Wnt5a, 
and Wnt9b mRNA expression (n = 2 -4, �:�H�O�F�K�¶�V t - test performed: ns = not significant, 
error bars represent SEM).  
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Appendix 6 : No changes were seen in the mRNA expression of the five selected 
DEGs determined via RNA - sequencing in 4 - month - old male Pkhd1 T37M/T37M  mice 
when compared to age - matched, male wildtype mice. This includes for Muc20, Plet1, 
Aqp2, Epor, and Muc1 mRNA expression (n = 3 -4, �:�H�O�F�K�¶�V t - test performed: ns = not 
significant, error bars represent SEM).   
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Appendix 7 :  Increase in mRNA expression of the five selected DEGs determined 
via RNA - sequencing in 4 - month - old female Pkhd1 T37M/T37M  mice when compared 
to age - matched, wildtype female mice. A 1.45 - fold increase in Muc20 and 1.22 - fold 
increase in Epor mRNA expression was observed in Pkhd1 T37M/T37M  mouse kidneys when 
compared to wildtype littermates. A 1.38 - fold, 1.15 - fold, and 0.59 - fold increase was seen 
in Plet1, Aqp2, and Muc1 mRNA expression, respectively, although these DEGs did not 
reach statistical significance  (n = 2 -3, �:�H�O�F�K�¶�V t - test performed: ns = not significant, * P 
< 0.05, ** P < 0.01, error bars represent SEM).  
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Appendix 8 : No significant changes were seen in the mRNA expression of key 
PKD and Wnt signalling genes in 9 - month - old male Pkhd1 T37M/T37M  mouse kidneys 
when compared to male wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, 
Wnt5a, and Wnt9b mRNA expression (n = 4 -5, �:�H�O�F�K�¶�V t - test performed: ns = not 
significant, error bars represent SEM).  
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Appendix 9 : No significant changes were seen in the mRNA expression of key 
PKD and Wnt signalling genes in 9 - month - old female Pkhd1 T37M/T37M  mouse 
kidneys when compared to female wildtype mice. This includes Pkhd1, Pkd1, Pkd2, 
Atmin, Wnt5a, and Wnt9b mRNA expression (n = 3-4, �:�H�O�F�K�¶�V t - test performed: ns = not 
significant, error bars represent SEM).  
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Appendix 10 :  No significant changes seen in the mRNA expression of key PKD 
and fibrosis related genes in male P2 Pkhd1 T37M/T37M  mouse livers when compared 
to wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA expression (n = 3, 
�:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM).   

 
Appendix 11 : No significant changes seen in the mRNA expression of key PKD 
and fibrosis related genes in female P2 Pkhd1 T37M/T37M  mouse livers when 
compared to wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA expression 
(n = 3, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM).   
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Appendix 12 : No significant changes seen in the mRNA expression of key PKD 
and fibrosis related genes in male 4 - month - old Pkhd1 T37M/T37M  mouse livers when 
compared to wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA expression 
(n = 3, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent SEM).   

 

Appendix 13 : No significant changes seen in the mRNA expression of key PKD 
and fibrosis related genes in female 4 - month - old Pkhd1 T37M/T37M  mouse livers 
when compared to wildtype mice. This includes Pkhd1, Pkd1, and Wnt5a mRNA 
expression (n = 3, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent 
SEM).   
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Appendix 14 :  No changes seen in the mRNA expression of key PKD and Wnt 
signalling genes in P2 male Pkhd1 T37M/T37M  mouse lungs when compared to age -
matched male wildtype mice. A 3.24 - fold increase in Pkd1 mRNA expression in male 
Pkhd1 T37M/T37M  mouse lungs when comparing to wildtype mice, albeit not significant. No 
significant changes observed in mRNA expression of Pkhd1, Atmin and Vangl2 mRNA 
expression in male Pkhd1 T37M/T37M  mice (n = 2 -3, �:�H�O�F�K�¶�V t - test performed: ns = not 
significant, error bars represent SEM).  

 

 
Appendix 15 :  No changes seen in the mRNA expression of key PKD and Wnt 
signalling genes in P2 female Pkhd1 T37M/T37M  mouse lungs when compared to age -
matched female wildtype mice. This includes for Pkhd1, Pkd1, Atmin and Vangl2 mRNA 
expression (n = 3 -4, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error bars represent 
SEM).   
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Appendix 16 : No changes were seen in the mRNA expression of key PKD and Wnt 
signalling genes in 4 - month - old male Pkhd1 T37M/T37M  mouse lungs when 
compared to male wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, Vangl2, and 
Wnt5a mRNA expression (n = 4 -6, �:�H�O�F�K�¶�V t - test performed: ns = not significant, error 
bars represent SEM).  
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Appendix 17 : No changes were seen in the mRNA expression of key PKD and Wnt 
signalling genes in 4 - month - old female Pkhd1 T37M/T37M  mouse lungs when 
compared to female wildtype mice. This includes Pkhd1, Pkd1, Pkd2, Atmin, Vangl2, 
and Wnt5a mRNA expression (n = 2 -4, �:�H�O�F�K�¶�V t - test performed: ns = not significant, 
error bars represent SEM).  
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Appendix 18 :  Significant decrease in the mRNA expression of selected DEGs 
determined via RNA - sequencing in 4 - month - old male Pkhd1 T37M/T37M  mice when 
compared to age - matched and gender - matched wildtype male mice. A 0.79 - fold 
and 0.73 - fold decrease observed in Igfbp2 and Foxf1 mRNA expression in male 
Pkhd1 T37M/T37M  mice when compared to gender -matched wildtype littermates. No significant 
changes in mRNA expression of Aqp2 and Wnt4 in male Pkhd1 T37M/T37M  mice (n = 3, �:�H�O�F�K�¶�V 
t - test performed: ns = not significant, * P < 0 .05, ** P < 0.01, error bars represent SEM).  

 

Appendix 19 : Significant decrease in Aqp2 mRNA expression in female 
Pkhd1 T37M/T37M  mice when compared to age - matched and gender - matched 
wildtype mice. A 0.89 - fold decrease in Aqp2 mRNA expression seen in female 
Pkhd1 T37M/T37M  mice when compared to gender -matched female wildtype mice . No 
significant changes in the mRNA expression of DEGs Igfbp2, Foxf1, and Wnt4 mRNA 
expression in 4 -month -old female Pkhd1 T37M/T37M  mice (n = 3, �:�H�O�F�K�¶�V t - test performed: 
ns = not significant, ** P < 0.01, error bars represent SEM).
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