UCLA
UCLA Previously Published Works

Title
WIP1 is a novel specific target for growth hormone action.

Permalink
https://escholarship.org/uc/item/3fs499pq

Journal
iScience, 26(11)

Authors

Valencia, Christian
Barrett, Robert

Strous, Ger
Publication Date
2023-11-17

DOI

10.1016/j.isci.2023.108117

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/3fs499pg
https://escholarship.org/uc/item/3fs499pg#author
https://escholarship.org
http://www.cdlib.org/

iIScience

¢? CellPress

OPEN ACCESS

WIP1 is a novel specific target for growth hormone

action

w \dissociation
»
HIPK2 -.-X"

'\k/ )

dephosphorylation

® /

S/D” -

DNA Damage T —— /

Tugce Apaydin,
Svetlana Zonis,
Cuiqi Zhoy, ..., Jan
A. Mol, Vera
Chesnokova,
Shlomo Melmed

melmed@csmc.edu

Highlights

Phosphatase WIP1 is a
newly described target for
epithelial GH action

GH suppresses DNA
damage response pathway
by inducing WIP1

GH acts through Src/
AMPK/HIPK2, enhancing
WIP1 stability

GH/WIP1 action results in
unrepaired DNA damage
accumulation

Apaydin et al., iScience 26,
108117

November 17, 2023 © 2023 The
Author(s).
https://doi.org/10.1016/
j.isci.2023.108117



mailto:melmed@csmc.edu
https://doi.org/10.1016/j.isci.2023.108117
https://doi.org/10.1016/j.isci.2023.108117
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108117&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

WIP1 is a novel specific target
for growth hormone action

Tugce Apaydin,’ Svetlana Zonis," Cuiqi Zhou,' Christian Wong Valencia,” Robert Barrett,” Ger J. Strous,®
Jan A. Mol,* Vera Chesnokova, ¢ and Shlomo Melmed'.>.6.7.*

SUMMARY

DNA damage repair (DDR) is mediated by phosphorylating effectors ATM kinase, CHK2, p53, and YH2AX.
We showed earlier that GH suppresses DDR by suppressing pATM, resulting in DNA damage accumula-
tion. Here, we show GH acting through GH receptor (GHR) inducing wild-type p53-inducible phosphatase
1 (WIP1), which dephosphorylated ATM and its effectors in normal human colon cells and three-dimen-
sional human intestinal organoids. Mice bearing GH-secreting xenografts exhibited induced colon WIP1
with suppressed pATM and YH2AX. WIP1 was also induced in buffy coats derived from patients with
elevated GH from somatotroph adenomas. In contrast, decreased colon WIP1 was observed in GHR '/~
mice. WIP1 inhibition restored ATM phosphorylation and reversed GH-induced DNA damage. We eluci-
dated a novel GH signaling pathway activating Src/AMPK to trigger HIPK2 nuclear-cytoplasmic relocation
and suppressing WIP1 ubiquitination. Concordantly, blocking either AMPK or Src abolished GH-induced
WIP1. We identify WIP1 as a specific target for GH-mediated epithelial DNA damage accumulation.

INTRODUCTION

DNA damage response (DDR) pathways protect the genome from DNA damage generated spontaneously during DNA replication or by
exogenous agents, blocking cell-cycle progression and activating DNA repair mechanisms.” The Ser/Thr protein kinase ataxia telangiectasia
mutated (ATM) kinase, key for repair of double-strand DNA breaks (DSBs),” is activated in response to DNA damage by Ser1981 autophos-
phorylation. Phospho-ATM phosphorylates DDR effectors including CHK2, p53, and H2AX (yH2AX) to ensure DNA repair and to slow
damaged cell proliferation.”” Abrogated DDR results in DNA damage accumulation, leading to age-associated pathological changes, tissue
fragility, and neoplasia.®’

Growth hormone (GH), secreted in a pulsatile fashion from the anterior pituitary, is also synthesized and secreted locally in non-pituitary
tissues.'”'" Most skeletal somatic-growth-promoting GH actions are mediated by hepatic-derived insulin-like growth factor 1 (IGF1), and GH
also acts independent of IGF1 to regulate protein synthesis and metabolism.'%'? Both endocrine and paracrine GH binds the dimeric GH
receptor (GHR) to signal through the JAK/STAT pathway eliciting nuclear responses.'*'* GH induces cell proliferation,'*'® promotes epithe-
lial-mesenchymal transition,'>™'” and suppresses DDR, leading to accumulated DNA damage, thus enabling a pre-neoplastic microenviron-
ment.'®"7?9-?2 GH and IGF1 have been implicated in breast, prostate, and colon neoplastic development.?'*?* Thus, acromegaly patients
with excess GH secretion from a pituitary adenoma exhibit increased soft tissue tumors, colon polyps, and possibly adenocarcinomas” *’; by
contrast, inherited GH signaling deficiency impedes development of malignancy in humans with Laron syndrome and also in GH-signaling-
deficient mice.”®* We have previously shown in both normal human colon cells ((NCC) and three-dimensional intestinal organoids that GH
suppressed DDR by decreasing ATM kinase activity, resulting in accumulation of unrepaired damaged DNA.?’ Moreover, h(NCC with GH-in-
duced unrepaired DNA exhibit enhanced neoplastic transformation, and mice bearing human colon adenocarcinoma (HCT116) xenografts
secreting GH showed increased unrepaired colon DNA damage and more metastatic lesions.”

Wild-type p53-inducible phosphatase 1 (WIP1), a member of the PP2C family of Ser/Thr protein phosphatases, binds and dephosphory-
lates proteins involved in ATM-/ATR-initiated DDR pathways, including ATM, p53, CHK1, CHK2, Mdm2, and yH2AX.> WIP1 inactivates ATM
by directly dephosphorylating ATM at Ser1981.%® WIP1 also induces tumorigenesis by inactivating tumor suppressor pathways and cooper-
ating with other oncogenes and is overexpressed in human colon and mammary cancers.*’*”*? As WIP1 attenuates ATM kinase activity,*® we

'Department of Medicine, Pituitary Center, Cedars-Sinai Medical Center, Los Angeles, CA, USA

?Board of Governors Regenerative Medicine Institute, Cedars-Sinai Medical Center, Los Angeles, CA, USA

3Center for Molecular Medicine, University Medical Center Utrecht, Institute of Biomembranes, Utrecht University, Utrecht, the Netherlands
“Department of Clinical Sciences of Companion Animals, Utrecht University, Utrecht, the Netherlands

5Senior author

6These authors contributed equally

’Lead contact

*Correspondence: melmed@csmc.edu

https://doi.org/10.1016/.isci.2023.108117

Creskor iScience 26, 108117, November 17, 2023 © 2023 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:melmed@csmc.edu
https://doi.org/10.1016/j.isci.2023.108117
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108117&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

A hNCC line #1 GH B hNCC line #2 GH
kba C 1 3 6 24 hrs -
757 e e e B S WIPT kba C 1 3 6 24  hrs
- o — -
o W | PATM 75 TmmE T wp
Y- S ——— F T opp=| - ——— == | pATM
63~ W . N R W AMPK
B3= | - — — — «= | pAMPK 17-
48- — - - VH2AX
s i e =0 cmmem Bactin
48~ - w— — « | Total p53
17=| . - Cn me | HAX 487 | e o c—— |0 a0t
48° — e w— | B actin Ty = ww . «| p-p53
48=
487 | e s wmmm wm wmm= | [ actin
48- |5 p-p53
48— ' T — Total p53 63- S s S e — pCHK2
48- ’ B actin 48- — s B actin
B3= W e e e . pCHK2
487 | o c— — — — Bactin
Cc D Colon tissue ) )
MCF12A GH KDa Lenti-V Lenti-mGH
C 6 24 30 48 hrs -
kDa Y LT R LN
7s- | Bl B BE BE 8 we T =
: : --:3:!_: - = | yH2AX
48= | o , s P actin
63- e -wmw- AMPK
48= e e e - W @ T > e o Bactin
245- | W Bm e S ‘| pATM
177 a— —
H2AX .
Y 2a5- MB = B oL g = pATM
63— L pCHK2 48= D S - ———— —— B actin

487 o c— c— — c—

B actin
E Males Females NFA
A
KDa NFA Acromegaly KDa cromegaly
_ o
75 [ BB T T 75- - e P
: : : 75- i
; — —— — — e wes | Lamin A/C
e B eAM
75- &
S — W —— | | amin A/C 3 ¥ ATM
. - - p
[T S R — P
- pCHK2
63~
— el e ==  Total ATM
sa5m J— pase u S = - - Total ATM
757 | e o - e e e Lamin AIC i - - pCHK2
63— - —
75=

- — - = e s we= | Lamin A/C

2 iScience 26, 108117, November 17, 2023



iScience ¢? CellPress
OPEN ACCESS

Figure 1. GH induces WIP1

(A-C) Western blots of (A) hNCC line #1, (B) hNCC line #2, and (C) MCF12A cells treated with GH (500 ng/mL) for indicated times; C, untreated control.

(D) Colon tissue derived from male nude mice implanted with HCT116 transduced with either lentivirus expressing murine GH (Lenti-mGH) or empty vector
(Lenti-V) and sacrificed 5 weeks later. Each lane represents sample analysis derived from an individual animal.

(E) Peripheral blood buffy coats derived from patients with non-functioning adenoma (NFA; n = 4) or acromegaly (n = 3). Females and males shown separately.
Each blot lane represents an individual patient. Representative blots from at least 3 independent experiments are shown. ImageJ quantifications of Western blots
are depicted in Figure S1.

examined whether GH induction of DNA damage accumulation mediated by suppressing phospho-ATM, and consequently attenuating
DDR, is mediated by WIP1.

Here, we identify WIP1 as a specific target for GH action. We present a heretofore undescribed mechanism whereby GH induces WIP1, in
turn decreasing ATM autophosphorylation in h(NCC, human normal mammary cells (MCF12A), and human intestinal organoids. We also show
that WIP1 is induced in buffy coats derived from patients with active acromegaly and elevated GH levels and is induced in vivo in the colon of
mice bearing mGH-secreting tumors with high circulating GH. WIP1 induction by GH results in suppressed DDR as evidenced by decreased
phosphorylation of ATM, CHK2, H2AX, and p53, with subsequent DNA damage accumulation. By contrast, WIP1 inhibition reverses GH-
induced DNA damage by restoring phosphorylation of ATM and other DDR proteins.

Intranuclear homeodomain-interacting protein kinase 2 (HIPK2) binds and inactivates WIP1.*" In elucidating mechanisms underlying the
GH/WIP1 interaction, we demonstrate that GH, by inducing Src/AMPK phosphorylation, triggers HIPK2 nuclear to cytoplasmic relocation,
thereby dissociating the HIPK2-WIP1 complex, suppressing WIP1 ubiquitination, and increasing WIP1 stability. These results portray a newly
described pathway for GH action in which the hormone suppresses DDR, leading to accumulated epithelial DNA damage.

RESULTS
GH induces WIP1 in vitro
Normal human colon cells derived from 2 de-identified patients (RNCC line #1 and hNCC line #2) were treated with human recombinant GH.
Western blotting of cultured cells showed that WIP1 was induced 3-6 h after treatment (1.8-fold; p < 0.01). Induction of WIP1, in turn, resulted
in ~45% decreased ATM phosphorylation (p < 0.01) and also dephosphorylated other target proteins including YH2AX, phospho-p53, and
phospho-CHK2 (Figures 1A and 1B; Figures STA and S1B). We confirmed a similar effect for GH on cultured MCF12A normal human breast
cells, but likely due to a slower proliferation rate, WIP1 was induced 24 h after treatment, which, in turn, also led to decreased phosphorylation
of ATM, H2AX, and CHK2 (Figure 1C; Figure S1C).

Although WIP1 is a well-known p53 target gene,”” in our experimental model, WIP1 is induced by GH independently of p53, as GH, in fact,
suppresses total p53 expression (Figures 1A and 1B; Figures S1A and S1B), consistent with our previous findings that GH decreases p53
expression by ubiquitination.'’?%*3

High GH induces colon WIP1 in vivo

To confirm these results in vivo, twelve athymic nude male mice (6/group) were injected with human colon cancer (HCT116) cells transduced
with lentivirus expressing murine GH (Lenti-mGH) or empty vector (Lenti-V) as control. All mice developed xenografted tumors 5 weeks after
inoculation and those with an “acromegaly-like” model bearing mGH-expressing tumors showed increased circulating serum GH levels
compared with controls (49.8 £+ 7.8 ng/mLin Lenti-mGH versus 1.3 + 0.5 ng/mL in Lenti-V; p <0.01). These mice also exhibited 2.5-fold higher
colon WIP1 expression, 35% decrease in phospho-ATM, and ~50% reduction in yH2AX compared with controls (p < 0.01) (Figure 1D;
Figure S1D).

WIP1 expression is induced in peripheral blood buffy coats derived from acromegaly patients

To confirm these findings in human tissue, we collected peripheral blood buffy coats derived from female and male patients with acromegaly
harboring GH-secreting pituitary adenomas (3/group) and from patients with non-functioning pituitary adenomas (NFA) (4/group) and normal
levels of GH. We observed a 2-fold increase in WIP1 expression in samples derived from female and male acromegaly patients with high GH
levels, as compared with samples derived from NFA patients with normal GH levels. Moreover, phospho-ATM was decreased by 50% in sam-
ples derived from female and male acromegaly patients. CHK2 phosphorylation was reduced in female acromegaly patients ~35% (p < 0.05),
but the reduction did not reach statistical significance in male patients with acromegaly (Figure 1E; Figure ST1E).

GH activates WIP1 through GHR signaling

To elucidate whether induction of WIP1 occurs via GHR activation, hANCC were pretreated with 20 pg/mL pegvisomant, a GHR antagonist, for
1 h and then treated with GH for 24 h. In cells pretreated with pegvisomant, GH-induced WIP1 expression was prevented, and GH-induced
suppression of ATM phosphorylation was abolished (Figure 2A; Figure S2A), suggesting GHR-mediated GH action on WIP1.

Next, we examined colon tissue derived from wild-type (WT) and GHR™~ male mice. Concordant with in vitro results shown earlier,
3-month-old GHR™~ mice devoid of GH signaling showed decreased colon WIP1 expression as compared with WT, and this decrease
became markedly more pronounced at 24 months (Figure 2B; Figure S2B).

Together, these results indicate that GH effects on WIP1 are GHR-mediated.

iScience 26, 108117, November 17, 2023 3
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Figure 2. GH induces WIP1 through GHR signaling

(A) Western blots of hNCC line #1 pretreated with 20 mg/mL pegvisomant (Peg) for 1 h then treated with GH (500 ng/mL) for an additional 24 h. C, untreated
control.

(B) Colon tissue derived from 3- and 24-month-old WT and GHR™~ male mice. Each lane represents sample analysis derived from an individual animal.

(C) hNCC line #1 transduced with lentivirus expressing GH (Lenti-GH) or empty vector (Lenti-V) and analyzed 10 days later.

(D) iPSC-derived human intestinal organoid lines from 3 different patients were transduced with Lenti-V or Lenti-GH and analyzed 5 weeks later. Representative
blots from one human intestinal organoid line are shown.

(E) hNCC line #1 transduced with lentivirus expressing control shRNA (shControl) or GH shRNA (shGH).

(F) Three different human intestinal organoid lines were transduced with GFP-expressing Lenti-V or Lenti-GH and cultured for 5 weeks, then sorted for GFP-
negative cells. GFP-negative cells co-existing in organoids with either Lenti-GH or Lenti-V expressing cells were analyzed. All lines exhibited similar results.
Representative blots from one human intestinal organoid line are shown. Representative blots from at least 3 independent experiments are depicted.

ImageJ quantifications of western blots are depicted in Figure S2.

Autocrine/paracrine GH increases WIP1 expression

1143 we tested whether autocrine/para-

As endogenous GH is induced in epithelial colon cells after acute DNA damage or in senescent cells,
crine GH affects WIP1 using hNCC and three-dimensional intestinal organoids.
To evaluate autocrine GH action, ANCC and organoid lines derived from 3 different patients were transduced with Lenti-GH or Lenti-V and

analyzed after 10 days and 5 weeks, respectively. GH-expressing hNCC and all 3 organoid lines showed higher WIP1 and lower phospho-ATM
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expression (Figures 2C and 2D; Figures S2C and S2D). By contrast, GH suppression with lentivirus expressing GH shRNA (shGH) in hNCC
downregulated WIP1, with increased levels of phospho-ATM (Figure 2E; Figure S2E).

To assess paracrine GH effects, organoids were transduced with Lenti-V or Lenti-GH, both expressing GFP. Approximately 60% of
organoid cells were positive for GFP. We tested how GH from infected cells acts on intact neighboring cells. Therefore, 5 weeks after
transduction, organoids were dispersed and sorted for GFP-positive cells (expressing either Lenti-GH or Lenti-V) and GFP-negative intact
neighboring cells. Only GFP-negative cells co-existing in organoids with either Lenti-GH or Lenti-V expressing cells were analyzed. GH
concentration confirmed by ELISA in the Lenti-GH organoid medium was 98.8 + 4.4 ng/mL and was undetectable in the culture medium
of Lenti-V organoids (p < 0.01). In all 3 organoid lines, WIP1 was induced and phospho-ATM was markedly decreased in cells growing in close
proximity to cells expressing and secreting GH (Figure 2F; Figure S2F).

These results support autocrine and/or paracrine GH enhancement of WIP1 phosphatase expression and attenuation of ATM phosphor-
ylation, similar to that seen for endocrine GH action (Figure 1).

GH suppresses DDR by inducing WIP1

We next examined whether GH-mediated suppressed ATM phosphorylation could be reversed by WIP1 inhibition.*”** We blocked WIP1
expression using GSK2830371, a selective small molecule inhibitor of WIP1 phosphatase enzymatic activity that induces ubiquitin-mediated
WIP1 degradation.”* We pre-treated hNCC with 5 uM or 10 uM of GSK2830371 for 1 h, then added GH for 24 h. GH suppression of phospho-
ATM and yH2AX were reversed when WIP1 was downregulated (Figure 3A; Figure S3A).

Experiments with intestinal organoids confirmed these results. Although treatment with GH for 48 h suppressed ATM, CHK2, and H2AX
phosphorylation at baseline, blocking WIP1 expression restored DDR protein phosphorylation in GH-treated organoids (p < 0.01; Figure 3B;
Figure S3B).

Similar results were obtained by inhibiting WIP1 using WIP1 siRNA. hNCC were nucleofected with either siScr (control) or siWIP1, and 5 h
after nucleofection, media was changed and cells treated with GH for an additional 6 h. Blocking WIP1 resulted in increased pATM expression
in hNCC treated with GH compared with control siScr-infected cells (p < 0.01, Figure S3C and S3D).

To assess DNA damage after inhibition of WIP1, we performed single-cell gel electrophoresis (Comet assay) in hNCC treated with WIP1
inhibitor with or without GH for 24 h. DNA damage was increased ~60% in cells treated with GH only, whereas blocking WIP1 in these cells
restored accumulated DNA damage to control levels (p < 0.01) (Figure 3C).

These results are consistent with the notion that GH suppression of DDR is mediated by induced WIP1.

GH decreases WIP1 ubiquitination

Next, we assessed mechanisms underlying WIP1 upregulation by GH. As WIP1 mRNA expression did not change in response to GH treatment
(Figure S4A), we considered whether the GH effect was due to WIP1 protein ubiquitination. Accordingly, hNCC were treated with GH for 24 h
and protein lysates immunoprecipitated with IgG or anti-ubiquitin antibodies. Immunoblotting revealed that GH treatment decreased WIP1
binding to ubiquitin (Ub) (Figure 4A; Figure S4B).

Degradation of WIP1 by ubiquitination is mediated by binding to HIPK2,"" which itself is induced in response to DNA damage.”” There-
fore, to induce both HIPK2 and WIP1, we treated hNCC with 20 uM of DNA-damage-inducing etoposide for 24 h, and, after washing, treated
the cells with GH for an additional 24 h. As expected, HIPK2, WIP1, and Ub were all induced by etoposide (2.2-, 1.8-, and 3.3-fold, respectively;
p < 0.01), and WIP1 and Ub were further induced after GH treatment (3-, 2.2-, and 5.8-fold, respectively; p < 0.01) (Figure 4B; Figure S4C).
Immunoprecipitation with Ub antibodies after etoposide treatment showed that although etoposide-induced total Ub expression was higher
in the presence of GH, binding of WIP1 to Ub was decreased by GH (Figure 4C; Figure S4D).

To assess whether effects of GH on WIP1 are mediated through HIPK2, we performed immunoprecipitation using anti-HIPK2 antibodies.
When hNCC were treated with etoposide and GH as discussed earlier, GH decreased WIP1 binding to HIPK2, indicating less HIPK2-mediated
WIP1 degradation in the presence of GH (Figure 4D; Figure S4E). We also confirmed these results in cell lysates immunoprecipitated with anti-
WIP1 antibodies, demonstrating decreased binding of WIP1 to HIPK2 and of WIP1 ubiquitination in GH-treated cell lysates (Figure 4E;
Figure S4F).

GH induces nuclear-cytoplasmic HIPK2 translocation

As total HIPK2 protein expression did not change after GH treatment (Figure 4B; Figure S4C), we considered whether GH alters HIPK2
localization. We therefore isolated cytoplasmic and nuclear protein fractions from hNCC after 6 and 24 h of GH treatment, respectively.
GH caused a 50% decline in nuclear fraction HIPK2 abundance, whereas cytoplasmic HIPK2 expression was increased ~60% (Figure 4F; Fig-
ure S4G), indicating that GH triggers HIPK2 cytoplasmic relocation. WIP1 is mainly localized in the nucleus”*? and GH decreased HIPK2 in the
nuclear fraction, resulting in further increased nuclear WIP1 and reduced ATM phosphorylation (Figure 4F; Figure S4G), suggesting that GH
induces WIP1 by enabling nuclear to cytoplasmic HIPK2 translocation, thus diminishing HIPK2 binding to and inactivation of intranu-
clear WIP1.

These observations were supported by immunocytochemistry showing low basal WIP1 nuclear expression and abundant nuclear HIPK2
localization (Figure 4G), concordant with previous findings.***® GH treatment markedly diminished nuclear HIPK2 expression while increasing
nuclear WIP1 expression (Figure 4G). These results supported the conclusion that GH stabilizes WIP1 by enabling HIPK2 translocation from
the nucleus.
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Figure 3. Blocking WIP1 increases DDR protein phosphorylation and decreases unrepaired DNA damage

(A and B) Western blots of (A) hANCC line #1 treated with WIP1 inhibitor (GSK2830371) for 1 h followed by GH (500 ng/mL) for an additional 24 h and (B) organoids
treated with WIP1 inhibitor and GH (500 ng/mL) for 48 h. Untreated cells served as control. Representative blots from at least 3 independent experiments are
shown. ImageJ quantification of western blots is depicted in Figure S3.

(C) Comet assay of hNCC line #1 treated with WIP1 inhibitor for 1 h followed by GH (500 ng/mL) for an additional 24 h. C, control. Single-cell gel electrophoresis
was conducted and Olive tail moment assessed on at least 400 cells/per slide for each experiment. Results are shown as mean of 3 experiments +SEM.
Differences were assessed with non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison test. **p < 0.01 versus control; ##p < 0.01 GH
versus GH + WIP1 inhibitor.

GH-induced WIP1 upregulation is mediated by phospho-AMPK

We further examined mechanisms mediating GH effects on HIPK2/WIP1. AMPK, a Ser/Thr protein kinase, phosphorylates HIPK2 and sup-
presses WIP1 degradation by dissociating WIP1 from HIPK2." In both hNCC lines, we observed 1.5-fold increased phospho-AMPK expres-
sion for 1 to 6 h after GH treatment (p < 0.01) (Figures 1A and 1B; Figures STA and S1B), and mice bearing mGH-secreting tumors also ex-
hibited higher levels of colon phospho-AMPK (Figure 1D; Figure S1D) concordant with WIP1 induction. Furthermore, blocking AMPK kinase
activity in hNCC with permeable Compound C, a pyrazolopyrimidine,”® decreased GH-associated WIP1 induction (Figure 5A; Figure S5A).
These results were reproduced in intestinal organoids, where blocking AMPK phosphorylation led to reduced WIP1 induction by GH (Fig-
ure 5B; Figure S5B).

GH induces WIP1 expression via Src/AMPK/HIPK2 pathway

Src activation leads to HIPK2 phosphorylation at Tyr354 and its subsequent inactivation and cytoplasmic relocation.””*” As Src activates
AMPK,***° and as GH binding to GHR results in Src aut0|ohosphorylationﬂ3’tﬂ we examined whether GH effects on AMPK/HIPK2/WIP1
are mediated by Src. In ANCC treated with GH, Src phosphorylation increased 2-fold at 30 min (p < 0.01) and 1.3-fold at 60 min after treatment
(p < 0.05) (Figure 5C; Figure S5C). Blocking Src phosphorylation by the tyrosine kinase inhibitor dasatinib (Figure 5D; Figure S5D) abolished
WIP1 induction by GH (Figure 5E; Figure S5E). To test whether Src regulates AMPK activity, ANCC were treated with Src inhibitor for 24 h and
then with GH for 3 h. Treatment with the Src inhibitor reversed GH-related increased AMPK phosphorylation (Figure 5F; Figure S5F).

To confirm the specificity of these results, ANCC were transduced with lentivirus expressing Src shRNA (shSrc) or control shRNA (shControl)
and analyzed 72 h after transduction (Figure 5G; Figure S5G). Although treatment with GH for 3 h resulted in increased AMPK phosphorylation
in shControl transfectants, there was no up-regulation in hNCC where Src was suppressed (Figure 5H; Figure S5H). However, we also
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Figure 4. GH triggers HIPK2 cytoplasmic relocation and induces nuclear WIP1 stability by reducing ubiquitination

(A) hNCC line #1 was treated with GH (500 ng/mL) for 24 h, and cell lysates were immunoprecipitated (IP) with IgG or anti-ubiquitin (Ub) antibodies and
immunoblotted for WIP1. C, control.

(B) Western blot of whole-cell lysates. hNCC line #1 was treated with 20 pM etoposide for 24 h, then with GH (500 ng/mL) after washout for an additional 24 h.
(C) WIPT and ubiquitin (Ub) interactions were analyzed in hNCC line #1 treated with 20 uM etoposide for 24 h, then with GH (500 ng/mL) after washout for an
additional 24 h. Cell lysates were immunoprecipitated with IgG or anti-ubiquitin antibodies and immunoblotted for WIP1 and Ub.

(D) WIP1 and HIPK2 interactions analyzed in hNCC line #1 treated with 20 uM etoposide for 24 h, then with GH (500 ng/mL) after washout for an additional 24 h.
Cell lysates were immunoprecipitated with IgG or anti-HIPK2 antibodies and immunoblotted for WIP1 and HIPK2.
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Figure 4. Continued

(E) WIP1, HIPK2, and Ub interactions analyzed in hNCC line #1 treated with 20 M etoposide for 24 h, then with GH (500 ng/mL) after washout for additional 24 h.
Cell lysates were immunoprecipitated with IgG or anti-WIP1 antibodies and immunoblotted for anti-HIPK2, Ub, and WIP1.

(F) Western blots of cytoplasmic and nuclear fractions of expressed proteins in hNCC line #1 left untreated (C) or treated with GH (500 ng/mL) for 6 h and 24 h.
ImageJ quantifications of western blots are depicted in Figure S4.

(G) Confocal images of hNCC line #1 untreated (Control) or treated with GH (500 ng/mL) for 24 h and stained for HIPK2 (red), WIP1 (green), DAPI (blue), and
phalloidin (white). Scale bar, 20 um.

observed that GH decreased phospho-AMPK in cells expressing shSrc, which we cannot yet explain, and may reflect other pathways activated
with blocking Src.

When Src was suppressed in hNCC, GH failed to induce WIP1 and suppress phospho-ATM (Figure 5I; Figure S5I).

Blocking GH signaling with BM001, a small molecule that inhibits GHR synthesisS7 (Figure 6A; Figure S6A), also inhibited Src/AMPK phos-
phorylation (Figures 6B and 6C; Figures S6B and S6C), subsequently inhibiting WIP1 and activating ATM phosphorylation (Figure 6D;
Figure S6D).

To confirm these results in vivo, eight 3-month-old female mice (4/group) were injected i.p. with DMSO or BMOO1 (3 mg/kg) 3 times/week
for 3 weeks. BMOO1-treated mice exhibited lower colon GHR and WIP1 expression, whereas phospho-ATM was upregulated in these animals
(Figure 6E; Figure S6E).

Overall, the results suggest that GH-induced Src/AMPK/HIPK2/WIP1 signaling cascade leads to accumulated DNA damage in epithelial cells.

DISCUSSION

Our results identify the WIP1 phosphatase as a target for GH action. We previously showed that GH attenuated DDR pathway by suppress-
ing ATM kinase activity.”” Here, we demonstrate that GH reduces DDR activation by inducing WIP1, which subsequently dephosphorylates
ATM and its downstream targets, including p53, CHK2, and H2AX. We also elucidate mechanisms underlying stimulatory effects of GH
on WIP1.

DDR protects the cell against genomic instability and constrains proliferation of DNA-damaged cells.”®> DNA damage leads to ATM
autophosphorylation, which, in turn, phosphorylates CHK2 to arrest DNA-damaged cell proliferation, phosphorylates H2AX to mark sites
of DNA damage, and phosphorylates and stabilizes p53 to enable DNA repair.*** Inadequate DDR may result in accumulated DNA damage
with subsequent cellular transformation”> and inactivation of cell-cycle checkpoint proteins, including ATM, CHK2, and ATR kinase, required
for progression of pre-malignant tumors.”*>%>/

The amplified PPM1D gene encoding WIP1 and overexpressed WIP1 protein occur in colorectal cancer, where WIP1 expression correlated
with stage and metastasis.”” WIP1 limits DDR activity by suppressing ATM phosphorylation,®’ thus leading to further tumor growth.* Consis-
tent with these observations, mice lacking WIP1 exhibited higher levels of phospho-ATM* and were resistant to tumorigenesis.”® Removing
WIP1 from a tumor-prone ATM-null mouse reduced tumorigenesis and decreased genomic instability.”

We had reported that DNA damage triggers GH expression, which, in turn, reduces ATM phosphorylation and, by suppressing
ATM kinase activity, destabilizes p53, thus enhancing colon cell neoplastic transformation.'”*° Moreover, we observed that GH-related
suppression of colon DNA damage response occurs independent of IGF1.'” We show here that GH alters DDR activity by inducing
WIP1, which dephosphorylates ATM, CHK2, p53, and H2AX, resulting in accumulated unrepaired DNA damage. These results
were confirmed ex vivo when we observed increased WIP1 expression in peripheral blood buffy coats derived from patients with acro-
megaly, as well as in the colon of mice bearing GH-secreting xenografts and showing lower phospho-ATM and yH2AX levels.
Conversely, blocking GH signaling with the GHR antagonist pegvisomant or the GHR synthesis inhibitor BM0O1, or blocking endoge-
nous GH expression with shGH RNA in hNCC, decreased expression of WIP1 and restored ATM phosphorylation, concordant with our
observation of decreased colon WIP1 expression in GHR™~ mice devoid of GH signaling. These results elucidate mechanisms under-
lying our previously published observation of increased unrepaired DNA damage in the colon of GH-secreting xenograft-bearing mice
versus decreased DNA damage in aging GHR™~ mice.”> These mechanisms may also underpin pro-tumorigenic GH properties
described in human cancers,”*“%“! acromegaly patients,””?"*> and GH transgenic mice that exhibit increased rates of mammary tumors
and hepatocellular cancer.®”*° Qur results also explain why GH signaling deficiency protects Laron syndrome patients from developing

cancers®*®> and why disruption of GHR in experimental models leads to reduced incidence of colon, mammary, and prostate

tumors.*¢?

WIP1 is maintained at low baseline levels*'*? by binding to and being inactivated by the nuclear serine/threonine kinase HIPK2.*' WIP1 is
phosphorylated by HIPK2, and phosphorylated WIP1 undergoes polyubiquitination followed by proteasomal degradation, whereas HIPK2
depletion stabilizes WIP1.*" Impaired HIPK2 activity also occurs in colorectal and breast cancers.®*’ In elucidating mechanisms for GH-asso-
ciated WIP1 induction, we observed that GH triggers HIPK2 nuclear-cytoplasmic translocation, decreases HIPK2 binding to WIP1, and de-
creases ubiquitin binding to WIP1, concordant with GH-induced WIP1 expression. Indeed, immunocytochemistry showed that GH diminished
HIPK2 expression and increased intranuclear WIP1.

Mechanisms of GH-induced WIP1 stabilization appear to involve AMPK. GH-induced AMPK phosphorylation prevented WIP1 phosphor-
ylation and its degradation by HIPK2, as substantiated by blocking AMPK action to reduce WIP1 stability.

We further found that Src is involved in GH-induced WIP1 activation. By binding to GHR, GH activates Src, and Src, in turn, mediates
STATS phosphorylation in response to GH."**® Transgenic mice overexpressing GH exhibit increased Src kinase activity,*” and Src increases

13,21
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Figure 5. GH induces WIP1 by activating Src/AMPK

(A and B) Western blots of (A) hNCC line #1 treated with 1 pM AMPK inhibitor (Compound C) for 1 h followed by GH (500 ng/mL) for an additional 24 h and
(B) human intestinal organoids treated with 2 uM AMPK inhibitor and GH (500 ng/mL) for 48 h.

(C-F) Western blots of ANCC line #1 was treated with (C) GH (500 ng/mL) for up to 60 min; (D) 25 uM Src inhibitor for 24 h followed by GH (500 ng/mL) for 30 min—
60 min; (E) 25 pM Src inhibitor for 1 h followed by GH (500 ng/mL) for 24 h; and (F) 25 pM Src inhibitor for 24 h followed by GH (500 ng/mL) for 3 h. Untreated cells/
organoids served as control (C).

(G-1) Western blots of hANCC line #1 transduced with lentivirus expressing Control shRNA (shControl) or Src shRNA (shSrc) (G) analyzed 72 h after transduction;
(H) treated with GH (500 ng/mL) for 3 h; and (I) treated with GH (500 ng/mL) for 24 h. ImageJ quantifications of western blots are depicted in Figure S5.

AMPK phosphorylation and induces HIPK2 relocation to cytoplasm.”’~*° Our results indicate that GH-associated WIP1 induction is mediated
by the Src/AMPK/HIPK2 pathway, as blocking Src action decreased AMPK phosphorylation, abolishing GH-induced WIP1.

In addition, HIPK2 is stabilized and activated in response to DNA damage through an ATM-dependent mechanism and initiates an
apoptotic response by phosphorylating p53 at Ser 46.%? Since ATM inactivation results in decreased HIPK2 activity,”””" GH-induced
ATM suppression might diminish HIPK2 stability, which, in turn, could lead to WIP1 activation.

In acromegaly patients, increased peripheral lymphocyte chromosomal DNA damage points to suppressed DDR in response to GH
excess.””’* Consistent with these observations, we show here that in peripheral blood buffy coats derived from acromegaly patients, high

iScience 26, 108117, November 17, 2023 9




¢? CellPress iScience
OPEN ACCESS

A BM001 B
kba ¢ 125 25 50 100 nM GH - - + +
BM001 c o+ c +
135= | . g - GHR \Da
§3= |t s wm— w8 PSIC
48— | wmm c — v — | (3 actin
48-

e sm— e mm—" BaCtin

C GH - - + + D
BMOO1 c + Cc o+ GH .
kDa BMOO1 cC + C o+
oo | e S - PAVPC KDa

= i B . o3 e

- - - pATM

487 | omn ammn a— - ot
245-

487 | - - — a— | [ actin

E c BM0O1
kDa
135 | omm e — — — GHR

487 | e wmn w— — — —— o w3 actin

75 () WO s e WIP1

487 | oy e ——— - —— B actin
- - - - - .

245- d w | PATM

48” | wmw e —— = w— w— [ aCtin

Figure 6. Blocking GH signaling inhibited GH-related WIP1 induction
(A-D) Western blots of hNCC line #1 treated with (A) increasing doses of BM001 (GHR synthesis inhibitor) for 24 h; (B) 25 nM BMO001 for 24 h followed by GH

(500 ng/mL) for 30 min; (C) 25 nM BMO0O01 for 24 h followed by GH (500 ng/mL) for 3 h; and (D) 25 nM BMO0O1 for 1 h followed by GH (500 ng/mL) for an
additional 24 h.

(E) Colon tissue derived from 3-month-old female mice treated i.p. with DMSO (C, control) or BM001 (3 mg/kg) 3 times/week for 3 weeks. Mice were sacrificed 24 h
after last injection. Each lane represents an individual animal. C, control. ImageJ quantifications of western blots are depicted in Figure Sé6.

WIP1 is associated with decreased ATM phosphorylation. As these patients are predisposed to colon polyps and other soft tissue growths and
perhaps colorectal cancer,” our results identify a novel mechanism explaining these pathologies.

Overall, our results show a heretofore unappreciated GH signaling target. In addition to mediating skeletal growth largely by inducing
IGF1, we show here that GH, by inducing Src/AMPK, downregulates HIPK2 activity, stabilizing WIP1 and suppressing phosphorylation of
ATM, leading to accumulated unrepaired DNA (Figure 7). Identifying this GH signaling pathway mediated by WIP1 may offer new subcellular
therapeutic targets to reverse adverse pathologies associated with DNA damage accumulation, including tissue degeneration associated
with aging and neoplasm development.

Limitations of the study

The effects of GH on DDR mediated by WIP1 could be tissue specific. Although in this study GH induces WIP1 in colon cells and tissue as well
as in buffy coat cells, it would be important to confirm GH actions on WIP1 in other tissue types. Importantly, we assessed GH effects in normal
non-tumorous tissue and cells. It is not known whether GH affects WIP1 in malignant cells and tumors where DNA damage is very extensive.
Also, as local GH is induced with age,”® while pATM activity recedes with age,’” it would be important to examine whether age-associated
pATM and DNA damage repair decline is mediated by the GH/WIP1 pathway.

We demonstrated GH effects on WIP1 through the Src/AMPK pathway. However, although Src is induced 30 min after GH
treatment, pAMPK increases 3 h later, and WIP1 is induced 24 h after GH treatment. It is clear, therefore, that additional intermediate
pathways are likely involved in GH/Src/AMPK/WIP1 signaling. Thus, pAMPK directly phosphorylates several substrates,”® including his-
tone deacetylases. Accordingly, it would be of interest to delineate in further detail the sequential pathways involved in GH/WIP1
signaling.
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Figure 7. Proposed mechanisms for GH-mediated WIP1 induction

GH activates Src/AMPK phosphorylation. Phospho-AMPK, in turn, phosphorylates HIPK2, which is relocated to the cytoplasm, weakening binding to intranuclear
WIP1, decreasing WIP1 ubiquitination, and increasing WIP1 stability. Induced WIP1 dephosphorylates ATM, thus suppressing DDR activity and leading to
accumulated DNA damage. Created with BioRender.com.
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Antibodies

Rabbit anti-Phospho-ATM (Ser1981)

Rabbit anti-Phospho-ATM (Ser1981)

Rabbit anti-ATM

Rabbit anti-Phospho-Histone H2A. X (Ser139)
Mouse anti-Phosho-p53 (Ser15) (clone 16G8)
Goat anti-p53

Rabbit anti-Phospho-Chk2 (Thré8)

Rabbit anti-GAPDH (14C10)

Rabbit anti-WIP1 (D-4F7)

Rabbit anti-WIP1

Mouse anti-WIP1 (F-10)

Mouse anti-Ubiquitin (A-5)

Mouse anti-c-Src (H-12)

Rabbit anti-Lamin A/C (H-110)

Mouse anti-HIPK2 (F-189)

Goat Anti-GHR

Rabbit anti-HIPK2

Mouse anti-HIPK2

Rabbit anti-Phospho-AMPK alpha-1,2 (Thr183,
Thr172)

Rabbit anti-Phospho-Src (Y416)

Goat anti-Growth Hormone

Rabbit anti-Growth Hormone

Mouse anti-Beta-actin (clone AC-15)
Mouse IgG

ECL anti-mouse IgG, HRP, made in sheep
ECL anti-rabbit IgG, HRP, made in sheep
ECL Donkey anti-goat IgG, HRP

Alexa Fluor 568 donkey anti-rabbit IgG
Alexa Fluor 488 donkey anti-mouse 1gG
Alexa Fluor 647 Phalloidin

Cell Signaling Technology
R&D Systems

Abcam

Cell Signaling Technology
Cell Signaling Technology
R&D Systems

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
LSBio

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
R&D Systems
ThermoFisher Scientific
Active Motif

ThermoFisher Scientific

R&D Systems

R&D Systems

LS Bio

Sigma-Aldrich

Santa Cruz Biotechnology
GE Healthcare Life Sciences
GE Healthcare Life Sciences
Jackson ImmunoResearch
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 13050; RRID: AB_2798100
Cat# AF1655

Cat# ab82512; RRID: AB_2040568
Cat# 9718; RRID: AB_10121789
Cat# 9286; RRID: AB_331741

Cat# AF1355

Cat# 2661S; RRID: AB_331479

Cat# 2118; RRID: AB_561053

Cat# 11901; RRID: AB_2797762
Cat# LS-C101018

Cat# sc-376257; RRID: AB_10986000
Cat# sc-166553; RRID: AB_2241297
Cat# sc-5266; RRID: AB_627308
Cat# sc-20681; RRID: AB_648154
Cat# sc-100383; RRID: AB_1124683
Cat# AF1210

Cat# PA5-40567; RRID: AB_2605444
Cat# 39677; RRID: AB_2615043
Cat# PA5-17831; RRID: AB_10983715

Cat# MAB2685

Cat# AF1067; RRID: AB_354573
Cat# LS-B4199; RRID: AB_10719011
Cat# A1978; RRID: AB_476692
Cat# sc-2025; RRID: AB_737182
Cat# NA931; RRID: AB_772210
Cat# NA934; RRID: AB_772206
Cat# 805-035-180; RRID: AB_2340874
Cat# A-10042; RRID: AB_2534017
Cat# A-21202; RRID: AB_141607
Cat# A-22287

Bacterial and virus strains

pLV-EF1p-hGH1-IRES-eGFP-WPRE lentiviral
particles
pLV-EF1p-mCherry-IRES-eGFP-WPRE

lentiviral particles
EF1-luc2-mGH-Ubic lentiviral particles

EF1-luc2-Ubic lentiviral control particles

GH1 shRNA (human) lentiviral particles

Src shRNA (human) lentiviral particles

Regenerative Medicine Institute at

Cedars-Sinai Medical Center

Regenerative Medicine Institute at

Cedars-Sinai Medical Center

Regenerative Medicine Institute at

Cedars-Sinai Medical Center

Regenerative Medicine Institute at

Cedars-Sinai Medical Center
Santa Cruz Biotechnology

Santa Cruz Biotechnology

N/A

N/A

N/A

N/A

Cat# sc-43803-V
Cat# sc-29228-V

(Continued on next page)
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Control shRNA lentiviral particles - A

Santa Cruz Biotechnology

Cat# sc-108080

Chemicals, peptides, and recombinant proteins

Etoposide

Pegvisomant (Somavert)
GSK2830371

Compound C (CAS 866405-64-3)
Dasatinib (BMS-354825)

BMO0O1

Human recombinant GH

Activin A

Wnt3A

CHIR 99021

FGF4

Noggin

Matrigel

EGF

B-27

A83301

SB 202190

TrypLE

Cell Recovery Solution
IntestiCult Organoid Growth Medium
PriGrow Il media

DMEM/F12 media

McCoy's 5A medium
Antibiotic:antimycotic (anti:anti) solution
Hydrocortisone

Insulin solution human

Donor horse serum

Halt™ Protease and Phosphatase Inhibitor
Cocktail (100X)

Protease inhibitor cocktail

RIPA buffer

Polybrene

Trizol

Histopaque 1077 solution

SsoAdvanced Universal SYBR Green SuperMix

Sigma-Aldrich

Pfizer

MilliporeSigma
MilliporeSigma

Selleck Chemicals
Specs

BioVision

R&D systems

R&D systems

Tocris

R&D systems

R&D systems

Corning

R&D systems

Thermo Fisher Scientific
Tocris

Tocris

Thermo Fisher Scientific
Corning

STEMCELL Technologies
Applied Biological Materials
Invitrogen

Invitrogen

Gemini Bio-Products
Sigma-Aldrich
Sigma-Aldrich

Omega Scientific

ThermoFisher Scientific

MilliporeSigma

Cell Signaling

Santa Cruz Biotechnology
Invitrogen

MilliporeSigma

Bio-Rad Laboratories

Cat# E1383
LAB-0782-2.0
Cat# SML1048
Cat# 171260
Cat# 51021
N/A

Cat# 4769-500
Cat# 338-AC
Cat# 5036-WN
Cat# 4423/10
Cat# 2035-F4
Cat# 6057-NG
Cat# 354234
Cat# 236-EG
Cat# 17504044
Cat# 2939
Cat# 1264
Cat# 12604013
Cat# 354253
Cat# 06010
Cat# TM003
Cat# 11320033
Cat#16600082
Cat# 400-101
Cat# H4001
Cat# 19278
Cat# DH-05
Cat# 78440

Cat# P8340
Cat #9806S
Cat# sc-134220
Cat# 15596018
Cat# H8889
Cat# 1725274

Hikari Signal Enhancer Kit for primary and Nacalai USA Cat# NU0O0102
secondary antibody

Critical commercial assays

Human GH ELISA kit ALPCO Cat# 25-HGHHU-EO1
Mouse GH ELISA kit MilliporeSigma Cat# EZRMGH-45K
DC Protein Assay Kit Bio-Rad Cat# 5000112

NE-PER Nuclear and cytoplasmic Extraction
Reagents

Protein G Immunoprecipitation Kit
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SuperScript Il First-Strand cDNA synthesis
system

RNAeasy mini Kit
First-Strand cDNA synthesis system
OxiSelect Comet Assay Kit

Thermo Fisher Scientific

Qiagen
Thermo Fisher Scientific

Cell Biolabs

Cat# 18091050

Cat# 74104
Cat# 18091050
Cat# STA-350

Experimental models: Cell lines

HCT116

Human normal colon cells derived from biopsy
(ANCQ), line#1

Human normal colon cells derived from biopsy
(hNCCQ), line#2

MCF12A
iPSC line Edi029 generated from human

peripheral blood mononuclear cells (line#1)
iPSC line 03i generated from human fibroblasts
(line#2)

iPSC line 688i generated from human
lymphoblastoids (line#3)

ATCC
Applied Biological Materials

Applied Biological Materials

ATCC

Regenerative Medicine Institute
at Cedars-Sinai Medical Center
Regenerative Medicine Institute
at Cedars-Sinai Medical Center
Regenerative Medicine Institute
at Cedars-Sinai Medical Center

Cat# CCL-247; RRID: CVCL_0291
Cat# T4056, lot# HC1211

Cat# T4056, lot# 0145834955002

Cat# CRL-10782
N/A

N/A

N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: B6N[Cg]-Ghr <tm1b(KOMP)Wtsi>/3J
Mouse: NU/J

The Jackson Laboratory

The Jackson Laboratory
The Jackson Laboratory

Stock ID#00064;

RRID: IMSR_JAX:000664
Stock ID# 021486
Strain# 002019

RRID: IMSR_JAX:002019

Oligonucleotides

WIP1 siRNA (human)
Control siRNA-A

PrimePCR Assay PPM1D, Hsa
PrimePCR Assay GAPDH, Hsa

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Bio-Rad laboratories

Bio-Rad laboratories

Cat# sc-39205
Cat# sc-37007
Cat# 10025636 qHsaCID0016220
Cat# 1002563 qHsaCED0038674

Software and algorithms

GraphPad Prism 9

ImageJ
CFX Maestro 1.0
Image Lab

GraphPad Software

NIH
Bio-Rad Laboratories

Bio-Rad Laboratories

https://www.graphpad.com/scientific-

software/prism/
https://ImageJ.nih.gov/ij/
Cat# 12004110
Cat# 17006130

Other

Trans-Blot Turbo Transfer System
Molecular Imager ChemiDoc XRS Plus Imaging
System

CFX96 Touch Real-Time PCR System

$1000 Thermal Cycler

FACSAvria cell sorter

FACS-Canto

OPTICA IM-3LD2 Trinocular Inverted LED Epi-

Fluorescence Microscope

Stellaris Confocal Microscope

Bio-Rad Laboratories

Bio-Rad Laboratories

Bio-Rad Laboratories
Bio-Rad Laboratories
BD Biosciences
BD Biosciences

Leica Microsystems

Leica Microsystems

Cat# 1704150
Cat# 1708265

Cat# 1845096
Cat# 1852148
N/A

N/A

Cat# OPIM-3LD2

https://www.leica-microsystems.com/ppc/

confocal
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RESOURCE AVAILABILITY
Lead contact

e Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shlomo
Melmed (melmed@csmc.edu).

Materials availability

e This study did not generate new unique reagents.

Data and code availability
e The data reported in this study are available in this paper and its supplemental information.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Study approval

Animal experiments were approved by the Cedars-Sinai Institutional Animal Care and Use Committee (IACUC #009252). The generation of
iPSCs obtained from healthy human volunteer donors at Cedars-Sinai was approved by the Cedars-Sinai Medical Center Institutional Review

Board (IRB #40182). Informed consent was obtained for use of blood samples from patients before pituitary adenoma surgical resection per
the Cedars-Sinai Institutional Review Board (IRB #2873).

Cell lines and treatments

hNCC line #1 and line #2 were isolated from normal colon sections of two de-identified individuals and validated as cytokeratin 18- and
19-expressing colon epithelial cells. Tissue donor sex and age are unavailable. Cells were grown at 37°C and 5% CO, in PriGrow Il Medium
supplemented with 5% FBS, and with antibiotic/antimycotic solution from Gemini Bio-Products, then transduced with lentivirus or treated
before passage 15. MCF12A were cultured in DMEM/F12 with 0.5 pg/mL hydrocortisone, 10 pg/mL insulin, 20 ng/mL EGF, 5% horse serum,
and antibiotic/antimycotic solution. Human colon carcinoma HCT116 cells were obtained from ATCC and cultured in McCoy's 5A medium
supplemented with 10% FBS and with antibiotic/antimycotic solution.

3D human intestinal organoids

Three iPSC lines (CSO3iCTR-n1, CS688iCTR-n5, and Edi029-A) obtained from the Cedars-Sinai iPSC Core were derived from fibroblasts or
human lymphoblastoid cell lines or peripheral blood mononuclear cells from de-identified healthy volunteer donors. Cell lines were fully char-
acterized for pluripotency markers, confirmed to be karyotypically normal, and maintained in an undifferentiated state on Matrigel-coated
plates in mTeSR1 media under feeder-free conditions.

Generation and culturing of intestinal organoids were performed as described.”””® Three-dimensional intestinal organoids were gener-
ated from iPSC lines using episomal plasmid reprogramming. To induce definitive endoderm formation, iPSCs were cultured with activin A
(100 ng/mL) with increasing concentrations of FBS (0%, 0.2%, and 2% on days 1, 2, and 3, respectively). Wnt3A (25 ng/mL) was also added on
the first day of endoderm differentiation. To induce hindgut formation, cells were cultured in Advanced DMEM/F12 with 2% (v/v) FBS along
with CHIR 99021 (2 uM) and FGF4 (500 ng/mL). After 3-4 days, free-floating epithelial spheres and loosely attached epithelial tubes were har-
vested. Epithelial structures were subsequently suspended in Matrigel and overlaid in intestinal organoid medium containing CHIR99021
(2 uM), noggin and EGF (both 100 ng/mL), and B27 (1x). Organoids were sorted for EPCAM, an epithelial cell marker, 30 days after differ-
entiation and passaged every 7-10 days thereafter.

GHR knockout mice

GHR ™"~ mice (B6N[Cg]-Ghrtm1b[KOMPlwtsi/3J) were purchased from The Jackson Laboratory. Breeding was performed with heterozygous
males and females, so WT and GHR™~ mice were obtained from the same breeding. Heterozygous mice were backcrossed with WT at least 5
times, and 3- and 24-month old male mice were included in the study.

Xenograft model

HCT116 cells transduced with lentivirus-expressing murine GH (Lenti-mGH) or empty vector (Lenti-V) (5%10° cells in 0.05 mL PBS) were mixed
(1:1) with High Concentration Matrigel Matrix and injected subcutaneously into the right flank of 8-week old athymic nude mice (The Jackson
Laboratory) to establish an in vivo model of excess systemic GH. Control mice were injected with HCT116 cells transduced with an empty
vector. All mice developed xenograft tumors and were sacrificed 5 weeks after injection. The middle part of colons were harvested from
each mouse, washed with cold PBS, snap freezed and homogenized, lysed in RIPA buffer with protease inhibitors. Circulating levels of GH
in Lenti-mGH mice were measured by murine GH ELISA."
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Human blood samples
Diagnosis of acromegaly was made based on symptoms and signs, evidence of a pituitary adenoma on magnetic resonance imaging, and
elevated serum concentrations of IGF1 (>1.3 X upper limit of normal). Non-functioning adenomas were diagnosed in the absence of clinical
and biochemical evidence of pituitary adenoma-related hormone hypersecretion in subjects with a pituitary adenoma on magnetic resonance
imaging.””

On the day of surgery, blood samples were collected, and buffy coats freshly separated from the peripheral blood of enrolled subjects
using Histopaque 1077 solution.

Constructs and transfections
Lentiviral particles expressing human GH shRNA, Src shRNA or nontargeted control shRNA (GFP Control Lentiviral Particles) are from Santa
Cruz Biotechnology.

Lentiviral particles expressing hGH (pLV-EF1p-hGH1-IRES-eGFP-WPRE), respective control lentiviral particles (pLV-EF1p-mCherry-IRES-
eGFP-WPRE), murine GH (EF1-luc2-GH-Ubic), and respective control vector (EF1-luc2-Ubic) were generated at the Regenerative Medicine
Institute at Cedars-Sinai.

hNCC or HCT116 were plated 1 day before transfections and were transduced with 50 MOI lentivirus particles with 8 pg/mL polybrene.
Cells were cultured overnight, medium was changed, and cells were split 48 h later then used for experiments 10 days after transduction.

Organoids were dispersed into single-cell suspension using TrypLE and mixed with Matrigel together with 50 MOl lentiviral particles and
8 pg/mL polybrene. Cells in the Matrigel bubble were plated into 24-well plates and overlaid with intestinal organoid media enriched with
10 nM Rock inhibitor, 500 nM A8301, and 10 pM SB202190.

METHOD DETAILS
Treatments

Human recombinant GH was purchased from BioVision and reconstituted in PBS pH 8 containing 0.1% BSA. Previously, we have shown that,
different doses of GH (50-500 ng/mL) had similar effects'’; here, cells were treated with 500 ng/mL GH, a well-accepted dose for in vitro
experiments.go’84

The GH antagonist pegvisomant™ was provided by Pfizer. Etoposide, WIP1 inhibitor (GSK2830371), AMPK inhibitor (Compound C, CAS
866405-64-3) and Src inhibitor (dasatinib, BMS-354825) were reconstituted in DMSO at a stock concentration of 50 mM. The GHR synthesis
inhibitor antibody BMO001°? was provided by Specs (Zoetermeer, The Netherlands) and reconstituted in DMSO at a stock concentration
of 10 mM.

For BMOO1 injections, 3-month-old WT female mice were purchased from The Jackson Laboratory.

Protein analysis
Cells were homogenized and lysed in RIPA buffer with protease. Proteins were separated by SDS-PAGE, electroblotted onto Trans-Blot Turbo
Transfer Pack 0.45 pm PVDF membrane, and incubated overnight with indicated primary antibodies, followed by corresponding horseradish
peroxidase—conjugated secondary antibodies: anti-goat, anti-mouse, or anti-rabbit. Hikari signal enhancer kit was used to detect low abun-
dance proteins. Immunoblot signals were amplified using BIO-RAD Molecular Imager ChemiDoc XRS+ System. For information about anti-
bodies, see key resources table.

Cytoplasmic and nuclear protein separation was performed using NE-PER Nuclear and cytoplasmic Extraction Reagents according to the
manufacturer’s protocol.

Immunoprecipitation

hNCC were plated in 10 cm dishes in full PriGrow Il media and treated the next day with 20 uM of etoposide for 24 h. Cells were then washed
and media changed for serum-free media (with 0.1% BSA) with GH or no GH for another 24 h. ANCC were collected in immunoprecipitation
buffer with protease inhibitors and phosphatase inhibitors. After proteins were isolated, concentrations were measured using the DC method
and 2 mg protein used per reaction. IP was performed according to the manual, and 5 pg of mouse IgG as control, 5 ug of anti-ubiquitin, 5 ug
anti-HIPK2 antibodies, or 5 ng anti-WIP1 antibody were used per immunoprecipitation reaction. Denatured proteins dissociated from beads
were analyzed by SDS/PAGE.

Immunocytochemistry

hNCC line #1 cells were plated on coverslips pretreated with ECL Cell Attachment Matrix; the next day, media was changed for serum-free
with GH for 24 h then cells were fixed with 4% PFA/PBS for 20 min. Cells were permeabilized with 0.25% Triton X-100 for 30 min and blocked in
10% donkey serum in 1% BSA/PBS. Anti-WIP1 mouse primary antibodies and anti-HIPK2 rabbit antibodies diluted in 10% donkey serum were
added overnight, followed by secondary donkey anti-mouse Alexa Fluor 488, anti-rabbit Alexa Fluor 568 antibodies, and Alexa Fluor 647 phal-
loidin in 1% BSA/PBS for 1 h. Samples were imaged with a Stellaris confocal microscope (Leica Microsystems).
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Comet assay

The extent of DNA damage in individual cells was measured by using an OxiSelect Comet Assay kit according to the manufacturer’s instruc-
tions. Single-cell alkaline electrophoresis was performed for 30 min at 1 V/cm. DNA damage was quantified by ImageJ as the percent of
damaged DNA in the tail to the entire cell DNA (intensity of the staining) multiplied by the length of the tail (Olive tail moment = tail
DNA% x tail moment length). Data collected from at least 3 independent experiments and at least 400 nuclei/group were analyzed.

Real-time PCR

Total RNA was isolated with TRIzol followed by RNAeasy mini Kit. After DNAse | treatment (TURBO DNA free), cDNA was synthesized from
1 pg purified RNA by the SuperScript Il First-Strand cDNA synthesis system. Quantitative PCR was performed in 20 uL reactions using SsAd-
vanced SYBR Green Supermix in BioRad CFX 96 Touch Real-Time PCR System. For primers, see key resources table. Reactions were per-
formed in triplicate. Relative mRNA quantities in experimental samples were determined by CFX Maestro 1.0 software, expressed in arbitrary
units as fold-difference from control.

Nucleofection

hNCC line#1 were trypsinized, washed, and 1x10° cells were placed into 100 pL of Nucleofector Solution with 30 pmol/sample of control
human siRNA or WIP1 siRNA and nucleofected using W-001 program of Amaxa Nucleofector I. Each nucleofected sample was plated into
2 wells of 6-well plate in 2 mL of full Prigrow lll media overnight; media was then changed to serum free media containing 0.1% BSA with
or without 500 ng/mL GH for an additional é h.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + SEM. Differences between treatment group means were tested with ANOVA and included the factor of exper-
imental replicate where appropriate (up to 4 replicates performed). Data from acromegaly and NFA patients were analyzed with mixed model
regression to control for repeated testing of subject data across experimental replicates with sex included as a fixed effect. Post-hoc pairwise
comparisons were Tukey-adjusted for multiple testing. Residuals were checked to confirm assumptions were met for parametric assessment,
and, when necessary, the non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison test was used. Differences were consid-
ered significant where p < 0.05. Analysis was performed with SAS v9.4 and GraphPad Prism9 software.
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