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Abstract

Tolvaptan is the only drug approved to slow cyst growth and preserve kidney function in
patients with autosomal dominant polycystic kidney disease (ADPKD). However, its limited
efficacy combined with significant side effects underscores the need to identify new and safe
therapeutic drug targets to slow progression to end stage kidney disease. We identified DDR1
as receptor tyrosine kinase upregulated in vivo in 3 mouse models of ADPKD using a novel mass
spectrometry approach to identify kinases upregulated in ADPKD. Previous studies
demonstrating critical roles for DDR1 to cancer progression, its potential role in the pathogenesis
of a variety of other kidney disease, along with the possibility that DDR1 could provide new insight
into how extracellular matrix impacts cyst growth led us to study the role of DDR1 in ADPKD
pathogenesis. However, genetic deletion of DDR1 using CRISPR/Cas9 failed to slow cyst growth
or preserve kidney function in both a rapid and slow mouse model of ADPKD demonstrating that
DDR1 does not play a role in PKD pathogenesis and is thus a not viable drug target. In spite of
the negative results, our studies will be of interest to the nephrology community as it will prevent
others from potentially conducting similar experiments on DDR1 and reinforces the potential of
performing unbiased screens coupled with in vivo gene editing using CRISPR/Cas9 to rapidly

identify and confirm new potential drug targets for ADPKD.
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Introduction

Dysregulation of kinases and the pathways they regulate play a prominent role in the
pathogenesis of cyst growth in ADPKD" 2. Moreover, pharmacologic inhibition of a number of
different kinases up-regulated in ADPKD kidneys has been shown to slow cyst growth in animal
models making kinase inhibitors among the most promising class of drugs for treating patients
with ADPKD. We identified Discoidan Domain Receptor 1 (DDR1) as a previously unidentified
kinase to be upregulated in 3 mouse models of ADPKD using a novel mass spectrometry
approach3'5. DDR1 is a receptor tyrosine kinase (RTK) that mediates interaction with the
extracellular matrix and is activated upon binding collagen®’. Recent evidence has indicated that
DDR1 is up-regulated in various cancers and plays a role in tumor growth, progression, and

1

invasion®"". DDR1 has also been shown to play prominent roles in a number of kidney disease

1213 obstructive uropathy', the remnant kidney model of

that include mouse models of Alports
chronic kidney disease'® and nephrotoxic serum nephritis'® (see the excellent review'’). Thus,
based on these findings we entertained the possibility that DDR1 would play a prominent role in
PKD pathogenesis and provide a link between the extracellular matrix and regulation of growth of
cyst lining epithelia. However, despite the upregulation of both DDR1 protein and DDR1 kinase
activity in vivo in mouse models of ADPKD, targeted deletion of DDR1 using CRISPR/Cas9 did

not slow cyst growth or preserve kidney function in both an ““early rapid” and “late slow” mouse

model of ADPKD.
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Materials and Methods

Mass Spectrometry to identify kinases up and down-regulated in PKD kidneys. Pax8riTA;
TetO-cre; PKD1" (PKD) or littermate Pax8rtTA; PKD1™ (control) mice were induced with 200
mg/kg of doxycycline in the diet X 2 weeks starting on PN day 28 and kidneys were harvested 5
weeks post induction. Kidneys were then lysed in lysis buffer containing kinase inhibitors and
active kinases were affinity captured by passing lysates over multiplex inhibitor beads (MIB)
containing a cocktail of phosphatase inhibitors as previously described* °>. Bound kinases were
then identified by LC separation followed by tandem mass spectrometry (LC-MS/MS)* °.
Experiments were performed using 6 PKD and 6 WT kidneys isolated from independent animals

(3 female and 3 male mice in each group).

Genetic Deletion of DDR1 using CRISPR/Cas9. 6 single-guide (sg) RNAs using Feng Zhang’s
on line tool were screened in ES cells for their ability to create double strand breaks (DSB) in
DDR1 and ultimately led to the identification of 2 sgRNAs complementary to regions in exons 2
and 3 of DDR1 that were most efficient in giving DSB and corresponded to with the following
sequences: AGTAACGCAACCGATAGCTT and CTACCGCTGCCCGCCACAGC (see schematic Fig.
3a). RNA for these 2 sgRNAs were in vitro transcribed, purified, and microinjected together with
Cas9 into Pkd1™ zygotes to generate Ddr1”*; Pkd1™ as previously described'® '°. Sequencing
identified out-of-frame deletion of DDR1 in several mice. A similar strategy using CRISPR/Cas9

was used to generate DDR1""; Pax8rtTA; TetO-cre; PKD1"" mice.

Mice: Pkhd1-Cre;Pkd1™ and Pax8rtTA; TetO-cre; PKD1"" mice have been previously reported®.

Aqp2-Cre mice were purchased from Jackson Labs and crossed with Pkd1™

mice to generate
Aqp2-Cre; Pkd1™ mice as previously reported®’. To generate Pkhd1-Cre; DDR1”"; Pkd1™ mice,
DDR1"; Pkd1™ mice generated using CRISPR/Cas9 were crossed with Pkhd1-Cre; DDR1

":Pkd1"™ (see schematic, Fig. 3a). PCR for the WT allele utilized primers 1, 2
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(ATGCAGGACCGCACCATTCCTGA, GAGCTTCACACTTGGTGAGTACC), which yields a product of 256 bp.
Deletion of parts of exons 2 and 3 and intervening intron amplifies a PCR product of 203 bp using
primers 1, 3 (ATGCAGGACCGCACCATTCCTGA, CGCTCAGGCAATGACAGATGCTG). Offspring from this
cross allowed us to assess mice with deletion of Pkd1 in DDR™ and DDR*" backgrounds. A
separate cross of Pkhd1-Cre; DDR""; Pkd1"* with DDR*"*; Pkd1™ was used to generate DDR**;
Pkhd1-Cre;Pkd1™ mice. Pkhd1-Cre mice were sacrificed on day 22 at which time kidneys were
harvested and analyzed as described below. Equal numbers of littermate female and male mice

1" mice from

were studied. To assess whether dasatinib inhibited cyst growth, Pkhd1-Cre;Pkd
the same litter were treated with vehicle or dasatinib by starting on day 12 and mice were
sacrificed on day 22.

A similar strategy was used to generate DDR1”"; Pax8rtTA; TetO-cre; PKD1" and DDR1*"
; Pax8rtTA; TetO-cre; PKD1" and DDR1"*; Pax8rtTA; TetO-cre; PKD1"" mice. Cre was induced
in these mice by adding 200 mg/kg of doxycycline in the diet X 2 weeks starting on PN day 28
and kidneys were harvested 14 weeks post induction as previously described®. All animals were
used in accordance with scientific, humane, and ethical principles and in compliance with

regulations approved by the New York University School of Medicine Institutional Animal Care

and Use Committee.

Cystic index and kidney immunohistochemistry. Kidneys were harvested, fixed in 4%
paraformaldehyde for 4 hours at 4°C, and sagittal kidney sections were stained with hematoxylin
and eosin. Sections were then photographed under the same magnification and cystic index was
calculated using ImageJ analysis software on 2 sagittal sections/kidney as described?" %2, Cystic
index was calculated as the cumulative cyst volume per total area of kidney®" %

Kidney immunohistochemistry was performed on ADPKD and normal human kidneys

obtained from nephrectomy, and kidneys from Pax8rtTA; Pkd1" (WT) and Pax8rtTA; TetO-cre;

PKD ™ (PKD) mice following induction with doxycycline. Immunohistochemistry was performed
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on 4-uym formalin-fixed, paraffin-embedded kidney sections using antibodies as indicated.
Chromogenic immunohistochemistry was performed on a Ventana Medical Systems Discovery
XT platform with online deparaffinization, antigen retrieval and using Ventana’s reagents and
detection kits. In brief, heat mediated antigen retrieval was performed using either CC1 (Tris-
Borate-EDTA, pH 8.5) or RCC2 (Sodium Citrate pH6.0) as required. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide. Primary antibodies were diluted in Dulbecco’s
phosphate buffered saline (Life Technologies) 3 hours at 37°C and detected using anti-rabbit or
anti-mouse HRP labeled multimers incubated for 8 minutes. The complex was visualized with 3,3

diaminobenzidene and enhanced with copper sulfate.

Western Analysis: Kidneys harvested at time of sacrifice were flash frozen in liquid nitrogen,
homogenized in lysis buffer, separated by SDS/PAGE, immunoblotted with primary antibody as

indicated, and detected with a Li-cor IRdye secondary antibody as described?'.

Antibodies: The antibodies used included: Anti-DDR1, phospho-DDR1(Tyr792), MAPK,
phospho-MAPK(Thr202/204), FAK, phospho-FAK(Tyr397), AKT, phosphor-AKT(ser473), Stat3,

phospho- Stat3 (Tyr705) were purchased from Cell Signalling.
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Results

Discoidan domain receptor 1 (DDR1) protein and kinase activity is upregulated in cyst
lining epithelia in vivo in mouse and human ADPKD kidneys.

To selectively enrich in an unbiased manner for active kinases in PKD kidneys, lysates from
doxycycline-induced Pax8rtTA;Pkd1™ (control) and Pax8rtTA; TetO-cre; Pkd1™ mice (PKD
kidneys) were passed over multiplex inhibitor beads and bound kinases were then identified by
quantitative LC-MS (MIB) as previously described* °. One of the kinases identified was DDR1.
We found that DDR1 protein and activity (assessed by anti-phospho-DDR1 antibodies) was
increased in kidneys from 3 mouse models of ADPKD that included 2 “early, rapid” models in
which Cre is driven by Pkhd1 (Pkhd1-Cre; Pkd1™) and aquaporin (Aqp71-Cre; Pkd1™ not shown)
and in the “late, slow” Pax8rtTA; TetO-Cre; Pkd1™ model (Fig. 1a). In addition, DDR1 is

expressed in mouse and human cyst lining epithelia (Fig. 1b).

Inhibiting DDR1 with a nonspecific DDR1 kinase inhibitor slowed cyst growth and

Ul
1

preserved renal function in Pkhd1-Cre; Pkd1"" mice. Dasatinib is a small molecule nonspecfic

inhibitor of DDR1. Treatment with dasatinib led to inhibition of DDR1 tyrosine phosphorylation,

slowed cyst growth and preserved renal function in Pkhd1-Cre; Pkd 1™

mice when compared with
vehicle control treated mice, n=6 mice/group (Fig. 2a-e). To assess the signaling pathways
affected by dasatinib treatment, kidneys from control and dasatinib treated mice were probed with
various anti-phospho-antibodies. These studies demonstrated that dasatinib treatment not only
inhibited activation of DDR1, but also Stat3 and AKT, while MAPK was not inhibited (Fig. 2f).
Although these experiments provided a proof of concept that inhibiting DDR1 may slow cyst

23-25

growth, dasatinib also inhibits other kinases”">, such as Src family kinases and Kit.
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Genetic deletion of DDR1 fails to slow cyst growth and preserve renal function in Pkhd1-
Cre; Pkd1"" mice. To definitively address whether DDR1 is critical for cyst growth, DDR1”" mice
were generated by CRISPR/Cas9. DDR1 and PKD1 are both localized to chromosome 17 and
therefore Ddr1”* mice cannot be crossed into Pkd 1™ mice to generate Ddr1”"; Pkd1™ mice. We
used CRISPR/Cas9 to generate DDR1 knockouts in zygotes from Pkd1" mice to generate a
Ddr1"; Pkd1" chromosome 17 (Fig. 3a).

DDR1 and phospho-DDR1 (pDDR1) were absent from kidneys from DDR1”; Pkhd1-Cre;
Pkd1™ mice confirming that our antibodies are specific for DDR1 and that we generated DRR1”
mice (Fig. 3c). However, we did not detect differences in kidney weight/body weight ratio (Fig.
3b,d), cystic index (Fig. 3b,e), or BUN (Fig. 3f) between DDR1”; Pkhd1-Cre; Pkd1™ and
DDR1™; Pkhd1-Cre; Pkd1™ mice. These data indicate that the beneficial effect of dasatinib is via

inhibition of a kinase(s) that is not DDR1.

Genetic deletion of DDR1 also failed to slow cyst growth and preserve renal function in
Pax8rtTA; TetO-Cre; Pkd1™" mice. In contrast to the Pkhd1-Cre model, deletion of PKD1 after
postnatal day (PN) 14 leads to much slower cyst growth and loss of kidney function and, as a
result, models in which PKD1 is inducibly deleted after PN day 14 are thought to more closely
reflect disease in humans. We therefore also tested genetically if DDR1 played a role in cyst
growth in the “slow late” Pax8rtTA; TetO-Cre; Pkd1™ model. These studies demonstrated that
genetic deletion of DDR1 also did not slow cyst growth or preserve kidney function in Pax8rtTA;
TetO-Cre; Pkd1™ mice; H&E staining of kidney sagittal sections, kidney/body weight ratio, and
BUN were similar between DDR1”; Pax8rtTA; TetO-Cre; Pkd1" and DDR1""; Pax8rtTA; TetO-

Cre; Pkd1™ mice (Fig. 4).
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Discussion

Tolvaptan is the first FDA approved drug that has been shown to slow cyst growth and
preserve renal function in patients with ADPKD. However, the relative limited benefit and
significant side effects of tolvaptan treatment highlights the critical need to utilize unbiased
approaches to broadly screen ADPKD kidneys for new therapeutic targets to slow cyst growth
and/or interstitial fibrosis in patients with ADPKD. We utilized a powerful kinome wide method to
identify in an unbiased manner kinases more active in PKD kidneys when compared with WT
control kidneys with the goal that identifying a more complete list of kinases relevant to cyst growth
in vivo would offer the potential to find better and safer therapeutic drug targets to treat patients
with ADPKD. In addition, a more complete picture of kinases activated in PKD and the signaling
pathways they regulate should provide additional insights into the signaling hubs and networks
that are aberrantly activated in PKD kidneys and provide clearer links between upstream and
downstream signaling pathways.

DDR1 was one of many kinases identified in our screen that was more active in PKD
kidneys and was localized to cyst lining epithelia. The relevance of DDR1 to cancer progression,
its potential role in the pathogenesis of a variety of other kidney disease, together with the
possibility that DDR1 would provide new insight into how extracellular matrix impacts cyst growth
suggested to us that DDR1 was an exciting and promising candidate to study. However, the
inability of genetically deleting DDR1 to slow cyst growth and preserve renal function in both an
“early rapid” and “late slow” mouse model of PKD conclusively demonstrates that DDR1 does not
play a role in PKD pathogenesis and thus is not a viable drug target.

In spite of our negative results, we think publication of our findings will be of interest and
value to the PKD and nephrology community. First, these studies will prevent other researchers
from potentially spending money and time assessing the relevance of DDR1 to PKD
pathogenesis. Second, our studies provide an important proof of principle whereby new

technologies can be used to rapidly screen for potential new drug targets, which then can be
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rapidly assessed in vivo for their relevance to disease using CRISPR/Cas9, an approach we are
currently undertaking in the lab with success. Third, our findings reinforce the importance of a
dasatinib-sensitive kinase(s) in PKD pathogenesis. Identifying the dasatinib specific kinase(s) that
contributes to pathogenesis coupled with a drug that more specifically targets this kinase(s), could

potentially lead to a safe and efficacious drug to treat patients.

Acknowledgements

Portions of this work was supported by grants from the PKD foundation to IS and EYS.


https://doi.org/10.1101/527614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/527614; this version posted January 22, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

References

1. Torres, VE: Treatment strategies and clinical trial design in ADPKD. Advances in chronic
kidney disease, 17: 190-204, 2010.

2. Torres, VE, Harris, PC: Autosomal dominant polycystic kidney disease: the last 3 years.
Kidney international, 76: 149-168, 2009.

3. Cooper, MJ, Cox, NJ, Zimmerman, EI, Dewar, BJ, Duncan, JS, Whittle, MC, Nguyen, TA,
Jones, LS, Ghose Roy, S, Smalley, DM, Kuan, PF, Richards, KL, Christopherson, RI, Jin,
J, Frye, SV, Johnson, GL, Baldwin, AS, Graves, LM: Application of multiplexed kinase
inhibitor beads to study kinome adaptations in drug-resistant leukemia. PLoS One, 8:
€66755, 2013.

4. Duncan, JS, Whittle, MC, Nakamura, K, Abell, AN, Midland, AA, Zawistowski, JS, Johnson,
NL, Granger, DA, Jordan, NV, Darr, DB, Usary, J, Kuan, PF, Smalley, DM, Major, B,
He, X, Hoadley, KA, Zhou, B, Sharpless, NE, Perou, CM, Kim, WY, Gomez, SM, Chen,
X, Jin, J, Frye, SV, Earp, HS, Graves, LM, Johnson, GL: Dynamic reprogramming of the
kinome in response to targeted MEK inhibition in triple-negative breast cancer. Cell, 149:
307-321, 2012.

5. Graves, LM, Duncan, JS, Whittle, MC, Johnson, GL: The dynamic nature of the kinome.
Biochem J, 450: 1-8, 2013.

6. Leitinger, B: Discoidin domain receptor functions in physiological and pathological
conditions. Int Rev Cell Mol Biol, 310: 39-87, 2014.

7. Vogel, W, Gish, GD, Alves, F, Pawson, T: The discoidin domain receptor tyrosine kinases are
activated by collagen. Mol Cell, 1: 13-23, 1997.

8. Gao, H, Chakraborty, G, Zhang, Z, Akalay, I, Gadiya, M, Gao, Y, Sinha, S, Hu, J, Jiang, C,
Akram, M, Brogi, E, Leitinger, B, Giancotti, FG: Multi-organ Site Metastatic
Reactivation Mediated by Non-canonical Discoidin Domain Receptor 1 Signaling. Cell,
166: 47-62, 2016.

9. Ambrogio, C, Gomez-Lopez, G, Falcone, M, Vidal, A, Nadal, E, Crosetto, N, Blasco, RB,
Fernandez-Marcos, PJ, Sanchez-Cespedes, M, Ren, X, Wang, Z, Ding, K, Hidalgo, M,
Serrano, M, Villanueva, A, Santamaria, D, Barbacid, M: Combined inhibition of DDR1
and Notch signaling is a therapeutic strategy for KRAS-driven lung adenocarcinoma. Nat
Med, 22: 270-277, 2016.

10. Rammal, H, Saby, C, Magnien, K, Van-Gulick, L, Garnotel, R, Buache, E, El Btaouri, H,
Jeannesson, P, Morjani, H: Discoidin Domain Receptors: Potential Actors and Targets in
Cancer. Front Pharmacol, 7: 55, 2016.

11. Ambrogio, C, Nadal, E, Villanueva, A, Gomez-Lopez, G, Cash, TP, Barbacid, M,
Santamaria, D: KRAS-driven lung adenocarcinoma: combined DDR1/Notch inhibition as
an effective therapy. ESMO Open, 1: €¢000076, 2016.

12. Gross, O, Girgert, R, Beirowski, B, Kretzler, M, Kang, HG, Kruegel, J, Miosge, N, Busse,
AC, Segerer, S, Vogel, WF, Muller, GA, Weber, M: Loss of collagen-receptor DDR 1
delays renal fibrosis in hereditary type IV collagen disease. Matrix Biol, 29: 346-356,
2010.

13. Rubel, D, Frese, J, Martin, M, Leibnitz, A, Girgert, R, Miosge, N, Eckes, B, Muller, GA,
Gross, O: Collagen receptors integrin alpha2betal and discoidin domain receptor 1
regulate maturation of the glomerular basement membrane and loss of integrin
alpha2betal delays kidney fibrosis in COL4A3 knockout mice. Matrix Biol, 34: 13-21,
2014.


https://doi.org/10.1101/527614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/527614; this version posted January 22, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

aCC-BY 4.0 International license.

Guerrot, D, Kerroch, M, Placier, S, Vandermeersch, S, Trivin, C, Mael-Ainin, M,
Chatziantoniou, C, Dussaule, JC: Discoidin domain receptor 1 is a major mediator of
inflammation and fibrosis in obstructive nephropathy. The American journal of
pathology, 179: 83-91, 2011.

Borza, CM, Su, Y, Tran, TL, Yu, L, Steyns, N, Temple, KJ, Skwark, MJ, Meiler, J, Lindsley,
CW, Hicks, BR, Leitinger, B, Zent, R, Pozzi, A: Discoidin domain receptor 1 kinase
activity is required for regulating collagen IV synthesis. Matrix Biol, 57-58: 258-271,
2017.

Kerroch, M, Guerrot, D, Vandermeersch, S, Placier, S, Mesnard, L, Jouanneau, C, Rondeau,
E, Ronco, P, Boffa, JJ, Chatziantoniou, C, Dussaule, JC: Genetic inhibition of discoidin
domain receptor 1 protects mice against crescentic glomerulonephritis. FASEB journal :
official publication of the Federation of American Societies for Experimental Biology,
26: 4079-4091, 2012.

Dorison, A, Chantziantoniou, C: DDR1: A major player in renal diseases. Cell Adh Migr: 1-
6, 2018.

Wang, H, Yang, H, Shivalila, CS, Dawlaty, MM, Cheng, AW, Zhang, F, Jaenisch, R: One-
step generation of mice carrying mutations in multiple genes by CRISPR/Cas-mediated
genome engineering. Cell, 153: 910-918, 2013.

Yang, H, Wang, H, Shivalila, CS, Cheng, AW, Shi, L, Jaenisch, R: One-step generation of
mice carrying reporter and conditional alleles by CRISPR/Cas-mediated genome
engineering. Cell, 154: 1370-1379, 2013.

Ma, M, Tian, X, Igarashi, P, Pazour, GJ, Somlo, S: Loss of cilia suppresses cyst growth in
genetic models of autosomal dominant polycystic kidney disease. Nat Genet, 45: 1004-
1012, 2013.

Soomro, I, Sun, Y, Li, Z, Diggs, L, Hatzivassiliou, G, Thomas, AG, Rais, R, Slusher, BS,
Somlo, S, Skolnik, EY: Glutamine metabolism via glutaminase 1 in autosomal-dominant
polycystic kidney disease. Nephrology, dialysis, transplantation : official publication of
the European Dialysis and Transplant Association - European Renal Association, 33:
1343-1353, 2018.

Patel, V, Williams, D, Hajarnis, S, Hunter, R, Pontoglio, M, Somlo, S, Igarashi, P: miR-
17~92 miRNA cluster promotes kidney cyst growth in polycystic kidney disease. Proc
Natl Acad Sci U S 4, 110: 10765-10770, 2013.

Elliott, J, Zheleznova, NN, Wilson, PD: c-Src inactivation reduces renal epithelial cell-matrix
adhesion, proliferation, and cyst formation. Am J Physiol Cell Physiol, 301: C522-529,
2011.

Sweeney, WE, Jr., von Vigier, RO, Frost, P, Avner, ED: Src inhibition ameliorates polycystic
kidney disease. Journal of the American Society of Nephrology : JASN, 19: 1331-1341,
2008.

Talbot, JJ, Song, X, Wang, X, Rinschen, MM, Doerr, N, LaRiviere, WB, Schermer, B, Pei,
YP, Torres, VE, Weimbs, T: The cleaved cytoplasmic tail of polycystin-1 regulates Src-
dependent STAT3 activation. Journal of the American Society of Nephrology : JASN, 25:

1737-1748, 2014.

Chen, L, Zhou, X, Fan, LX, Yao, Y, Swenson-Fields, KI, Gadjeva, M, Wallace, DP, Peters,
DJ, Yu, A, Grantham, JJ, Li, X: Macrophage migration inhibitory factor promotes cyst
growth in polycystic kidney disease. J Clin Invest, 125: 2399-2412, 2015.


https://doi.org/10.1101/527614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/527614; this version posted January 22, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

27. Swenson-Fields, KI, Vivian, CJ, Salah, SM, Peda, JD, Davis, BM, van Rooijen, N, Wallace,
DP, Fields, TA: Macrophages promote polycystic kidney disease progression. Kidney
international, 83: 855-864, 2013.

28. Zhdanova, O, Srivastava, S, Di, L, Li, Z, Tchelebi, L, Dworkin, S, Johnstone, DB, Zavadil, J,
Chong, MM, Littman, DR, Holzman, LB, Barisoni, L, Skolnik, EY: The inducible
deletion of Drosha and microRNAs in mature podocytes results in a collapsing
glomerulopathy. Kidney international, 80: 719-730, 2011.

29. McPherson, EA, Luo, Z, Brown, RA, LeBard, LS, Corless, CC, Speth, RC, Bagby, SP:
Chymase-like angiotensin II-generating activity in end-stage human autosomal dominant
polycystic kidney disease. Journal of the American Society of Nephrology : JASN, 15:
493-500, 2004.


https://doi.org/10.1101/527614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/527614; this version posted January 22, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Legends

Figure 1. DDR1 protein and activity is increased in both early and late models of PKD. (a)
Kidney tissue lysates from littermate and same sex Pax8rtTA; TetO-cre; Pkd1fl/fl and Pax8riTA;
Pkd1fl/fl (WT) treated with doxycycline and Pkhd1-Cre;Pkd1fl/f and Pkd1fl/f (WT) immunoblotted
with anti-DDR1 (DDR1), anti-phospho-tyr-792-DDR1 antibodies (p.DDR1), and B-actin as a
loading control. Results from 4 control and 4 PKD kidneys harvested from independent mice are
shown. (b) Anti-DDR1immunohistochemistry: Upper panel, normal human (left) and ADPKD
(right) kidneys; lower panel, Pax8rtTA; Pkd1™ (WT) (left) and Pax8rtTA; TetO-cre; PKD™ (right)

mice.

Figure 2. Pharmacologic inhibition of DDR1 with dasatinib slowed cyst growth in Pkhd1-
Cre;PKD1™ mice and inhibits activation of STAT3 and AKT. Littermate same sex Pkhd1-
Cre;PKD1"" mice were treated with vehicle control or dasatinib between days 12 and 22 when
mice were sacrificed. (a) Representative histology from vehicle and dasatinib treated mice, (b)
Kidney tissue lysate from vehicle (veh) and dasatinib treated mice immunoblotted with ddr1
antibody and p.Tyr 792 DDR1 antibody as shown (add antibody to figure). (c) BUN (d)
kidney/body weight ratio and (e) cystic index are shown. Cystic index was calculated using
ImageJ analysis software on 2 sagittal sections/kidney as described® ?® 2" and BUN %> %_(f)
Lysates from kidneys from littermate same sex Pkhd1-Cre;PKD1"" mice treated with vehicle
control or dasatinib were probed with antibodies as indicated. pStat3 —anti-phospho-Stat3, pAKT-
anti-phospho (Thr 308) AKT), p.MAPK-anti-phospho-MAPK. Lysates were probed with B-actin as

a loading control. Differences were evaluated by two-tailed t-tests (***=p<0.001, ****=p<0.0001).
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Figure 3. Generation of DDR1 KO mice and analysis of Pkhd1-Cre Pkd1 mice. (a)
Schematic of DDR1 CRISPR/Cas9 KO. 2 sgRNAs to exon 2 and exon 3 were selected based
on efficiency in ES cells. PCR for the WT allele utilized primers 1, 2, which yields a product of
256 bp. Deletion of parts of exons 2 and 3 and intervening intron amplifies a PCR product of
203 bp using primers 1, 3. Shown are PCR results from tail DNA isolated from DDR+/+ and
DDR+/- mice using Primers 1,2 (256 bp, wt), and primers1,3 (203 bp, deleted). Under the
conditions used primers 1,3 do not amplify the WT allele. PCR products were sequenced to
demonstrate out of frame deletion. Numbering of bases labeled for sgRNAs and
oligonucleotides corresponds to gene ID:12305 and are shown in the Materials and Methods
section. (b) Representative H&E staining of sagittal sections from DDR""*; Pkhd1-Cre;Pkd 1™,
DDR'"; Pkhd1-Cre;Pkd1™ and DDR™; Pkhd1-Cre;Pkd1™ mice. (c) Kidney lysates were probed
as described in figure 2. Fak, focal adhesion kinase. pFak, p.FAK(Tyr397. (d) kidney/body
weight ratio (e) cystic index and (f) (BUN are shown. Differences were evaluated by two-tailed t-

tests (*=p<0.05, ns=not significant).

Figure 4. Genetic deletion of DDR1 does not slow cyst growth of preserve renal function
in the inducible late onset Pax8rtTA; TetO-Cre; Pkd1™ mouse model. (a) Lysates from
kidneys from DDR1”; Pax8rtTA; TetO-Cre; Pkd1™ and DDR1"*; Pax8rtTA; TetO-Cre; Pkd1™
mice probed with anti-DDR1 antibodies and anti-ATP citrate lyase as a loading control. (b)
Representative H&E staining of sagittal sections from the 3 groups of mice with kidneys from 2

independent mice of each genotype shown. (c) kidney/body weight ratio and (d) (BUN.
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