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Hyperglycemia triggers HIPK2 protein degradation
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ABSTRACT

Homeodomain interacting protein kinase-2 (HIPK2) is an evolutionary conserved 
kinase that modulates several key molecular pathways to restrain tumor growth 
and induce p53-depending apoptotic cell-death in response to anticancer therapies. 
HIPK2 silencing in cancer cells leads to chemoresistance and cancer progression, in 
part due to p53 inhibition. Recently, hyperglycemia has been shown to reduce p53 
phosphorylation at serine 46 (Ser46), the target residue of HIPK2, thus impairing 
p53 apoptotic function. Here we asked whether hyperglycemia could, upstream of 
p53, target HIPK2. We focused on the effect of high glucose (HG) on HIPK2 protein 
stability and the underlying mechanisms. We found that HG reduced HIPK2 protein 
levels, therefore impairing HIPK2-induced p53 apoptotic activity. HG-triggered HIPK2 
protein downregulation was rescued by both proteasome inhibitor MG132 and by 
protein phosphatase inhibitors Calyculin A (CL-A) and Okadaic Acid (OA). Looking 
for the phosphatase involved, we found that protein phosphatase 2A (PP2A) induced 
HIPK2 degradation, as evidenced by directly activating PP2A with FTY720 or by 
silencing PP2A with siRNA in HG condition. The effect of PP2A on HIPK2 protein 
degradation could be in part due to hypoxia-inducible factor-1 (HIF-1) activity which 
has been previously shown to induce HIPK2 proteasomal degradation through several 
XELTXLWLQ�OLJDVHV��9DOLGDWLRQ�DQDO\VHG�SHUIRUPHG�ZLWK�+,)��Į�GRPLQDQW�QHJDWLYH�RU�
with silencing of Siah2 ubiquitin ligase clearly showed rescue of HG-induced HIPK2 
GHJUDGDWLRQ��7KHVH�¿QGLQJV�GHPRQVWUDWH�KRZ�K\SHUJO\FHPLD��WKURXJK�D�FRPSOH[�
protein cascade, induced HIPK2 downregulation and consequently impaired p53 
apoptotic activity, revealing a novel link between diabetes/obesity and tumor 
resistance to therapies.

INTRODUCTION

Homeodomain interacting protein kinase 2 (HIPK2) 
is a nuclear serine/threonine kinase that is considered a 
central switch in driving cancer cells toward apoptotic 
cell death upon genotoxic stress [1]. In response to 
chemotherapeutic drugs or to UV and ionizing irradiation 
HIPK2 is activated to phosphorylate key molecules such 

as oncosuppressor tumour suppressor p53 at serine 46 
(Ser46) [2, 3], the anti-apoptotic co-repressor CtBP [4], 
the p53 inhibitor MDM2 [5], and the prosurvival dominant 
QHJDWLYH�LVRIRUP�RI�WKH�S���IDPLO\�PHPEHU�S����ǻ1S��Į��
[6], leading to apoptosis. Inhibition of HIPK2 has been 
shown to have a negative impact on both p53 function and 
tumor response to therapies [7]. Previous studies reported 
that integrin alpha(6)beta(4) overexpression correlates 
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with HIPK2 cytoplasmic localization in breast cancer, 
leading to impairment of p53 apoptotic activity [8]. Other 
studies showed that Src kinase suppresses the apoptotic 
p53 pathway by HIPK2 phosphorylation and relocalization 
to the cytoplasm [9]. Few HIPK2 mutations have been 
found in human acute myeloid leukemias (AML), leading 
to aberrant HIPK2 nuclear distribution with impairment 
of p53 apoptotic activity [10]. Other studies found a 
link between oncogene E6 of genital high-risk human 
papillomavirus (HPV) and HIPK2. The authors found that 
E6 of beta2PV types (HPV23 and HPV38), physically 
interacts with HIPK2 enforcing dissociation of the HIPK2/
p53 complex and consequently inhibiting HIPK2-mediated 
p53Ser46 phosphorylation [11]. Moreover, multiple lines 
of evidence showed that the HIPK2 protein levels may 
be regulated by several E3 ubiquitin ligases under both 
normal conditions or external stimuli, according to cellular 
needs. In unstressed conditions, HIPK2 is degraded by 
WKH� 5,1*� IDPLO\� OLJDVH� VHYHQ� LQ� DEVHQWLD� KRPRORJ���
�6LDK���ZKLOH��LQ�UHVSRQVH�WR�'1$�GDPDJH��WKH�+,3.��
Siah1 complex is disrupted by the ATM/ATR-dependent 
phosphorylation of Siah1 resulting in HIPK2 stabilization 
and activation [12, 13]. An intriguing regulatory circuitry 
between MDM2 and HIPK2/p53 axis revealed that 
VXEOHWKDO�'1$�GDPDJH� LQGXFHV�+,3.�� LQKLELWLRQ�E\�D�
protein degradation mechanism involving p53-induced 
0'0�� DFWLYLW\� >��@�� 2Q� WKH� RWKHU� KDQG�� VHYHUH� '1$�
damage activates HIPK2 that, by phosphorylating MDM2 
for proteasomal degradation [15], may overcome the 
MDM2-induced p53 inactivation restoring p53 apoptotic 
activity [5]. Other E3 ubiquitin ligases involved in HIPK2 
degradation are induced by hypoxia, a hallmark of tumor 
progression and failure of tumor therapies [16]. The key 
mediator in response to decreased oxygen availability 
is the transcription factor hypoxia-inducible factor-1 
(HIF-1) that consists of the constitutively expressed HIF-
�ȕ� VXEXQLW� DQG� WKH� +,)��Į� VXEXQLW�� ZKRVH� VWDELOLW\� LV�
stimulated by low oxygen or by genetic alterations [16]. 
7KXV�� LQGHSHQGHQWO\� RI� WKH� R[\JHQ� FRQGLWLRQV��+,)��Į�
may be upregulated by transcriptional and translational 
mechanisms and therefore have a broad impact on the 
expression of many genes, induced by HIF-1 activity, 
involved in cell proliferation, chemoresistance, motility, 
and apoptosis (i.e., VEGF, MDR1, GLUT-1) [17, 18]. A 
novel HIF-1 target gene, upregulated upon hypoxia, is 
WD40-repeat/SOCS box protein WSB-1 [19, 20] that has 
been shown to induce HIPK2 degradation [21]. Moreover, 
XQGHU� K\SR[LD�� WKH� 5,1*� IDPLO\� OLJDVH� 6LDK�� LV� DOVR�
activated to increase HIPK2/Siah2 interaction, by a still 
unknown mechanism, that induces HIPK2 degradation 
[22].

:H� SUHYLRXVO\� VKRZHG� WKDW� KLJK� JOXFRVH� �+*��
reduces p53 phosphorylation at Ser46 that can be rescued 
by the use of Calyculin A (CL-A) [23], a cell-permeable 
phosphatase inhibitor which has been shown to inhibit 
protein phosphatase A2 (PP2A) and therefore enhance 

ionizing radiation-induced p53Ser46 phosphorylation 
>��@��+HUH�ZH�ZDQWHG�WR�HYDOXDWH�ZKHWKHU�+*�FRXOG�WDUJHW�
HIPK2, upstream of p53. The rationale was dictated not 
RQO\�E\�WKH�¿QGLQJ�WKDW�+*�LQGXFHV�S��6HU���LQDFWLYDWLRQ�
LQ�SDUW�WKURXJK�33�$��EXW�DOVR�E\�¿QGLQJV�VKRZLQJ�WKDW�
hyperglycemia increases +,)��Į gene transcription [25] 
and induces HIF-1-regulated genes, irrespective of oxygen 
levels [26].

RESULTS

High glucose (HG) reduces HIPK2 protein levels 
in cancer cells

To evaluate the effect of hyperglicemia on HIPK2 
expression, RKO and HCT116 cells were cultured in 
PHGLXP� ZLWK� ORZ� JOXFRVH� �/*�� RU� ZLWK� KLJK�JOXFRVH�
�+*��� DV� SUHYLRXVO\� UHSRUWHG� >���� ��@� �VHH� 0HWKRGV���
7KH� UHVXOWV� VKRZ� WKDW� +*� PDUNHGO\� UHGXFHG� +,3.��
SURWHLQ�OHYHOV��)LJXUH��$���7R�DVVHVV�ZKHWKHU�+*�FRXOG�
DIIHFW�+,3.��FHOOXODU� ORFDOL]DWLRQ��+,3.��*)3�SURWHLQ�
was overexpressed in HEK-293 cells in dose and time 
conditions that did not modify cell viability and, twenty-
four hours after transfection, cells were transferred in 
/*�DQG�+*�FRQGLWLRQV��$QDO\VLV�RI�WKH�JUHHQ�ÀXRUHVFHQW�
SURWHLQV�VKRZ�WKDW�+*�WXUQHG�VSHFL¿FDOO\�RII�WKH�+,3.��
*)3�VLJQDO��FRPSDUHG�WR�WKH�HPSW\�*)3�VLJQDO��)LJXUH�
1B, left panel), as also evidenced in the plotted graph 
�)LJXUH��%��ULJKW�SDQHO���VXJJHVWLQJ�WKDW�+*�FRXOG�LQGXFH�
protein downregulation rather than cellular delocalization. 
+*�LQGXFHG� UHGXFWLRQ�RI�+,3.��SURWHLQ� OHYHO�ZDV�QRW�
accompanied by changes in HIPK2�P51$��DV�UHYHDOHG�
by RT-PCR (Figure 1C). Finally, replenishment (rep.) 
RI� +*� PHGLXP� ZLWK� /*� PHGLXP� HI¿FLHQWO\� UHVWRUHG�
+,3.�� SURWHLQ� OHYHOV� �)LJXUH� �'�� FRPSDUH� +*� ZLWK�
+*�UHS���&ROOHFWLYHO\��WKHVH�GDWD�VKRZ�WKDW�+*�LQGXFHG�
a degradative mechanism able to reduce HIPK2 protein 
OHYHOV�WKDW�FRXOG�EH�UHVFXHG�E\�VZLWFKLQJ�EDFN�FHOOV�WR�/*�
condition.

High glucose promotes protein phosphatase A2 
(PP2A)-dependent HIPK2 protein degradation

7R� LQYHVWLJDWH� WKH� PHFKDQLVPV� RI� +*�LQGXFHG�
+,3.�� GRZQUHJXODWLRQ�� FHOOV� ZHUH� FXOWXUHG� LQ� +*�
condition with or without treatment with proteasome 
LQKLELWRU� 0*����� SKRVSKDWDVH� LQKLELWRU� &DO\FXOLQ� $�
�&/�$��>��@��RU�2NDGDLF�DFLG��2$���D�VSHFL¿F�DQG�SRWHQW�
inhibitor of protein phosphatases 2A (PP2A) [28]. As 
VKRZQ� LQ�)LJXUH��$��0*����DV�ZHOO�DV�&/�$�DQG�2$�
VLJQL¿FDQWO\� UHVFXHG� WKH� +*�UHGXFHG� +,3.�� SURWHLQ�
levels. Matching results were obtained by counting the 
QXPEHU� RI� +,3.��*)3�SRVLWLYH� FHOOV� WUHDWHG� DV� DERYH�
(Figure 2B). Moreover, western blot analysis show that the 
+*�LQGXFHG�+,3.��*)3�GHJUDGDWLRQ�ZDV�FRXQWHUDFWHG�
by CL-A treatment (Figure 2C). As a proof of principle, 
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Figure 1: High glucose (HG) reduces HIPK2 protein levels in cancer cells. A. Western blot analysis of endogenous HIPK2 
SURWHLQ�OHYHOV�LQ�5.2�DQG�+&7����FHOOV�FXOWXUHG�LQ�/*��+*���RU�+*�IRU����K��$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ�ORDGLQJ�FRQWURO��B, left panel. 
,PPXQRÀXRUHVFHQFH�DQDO\VLV�RI�+(.�����FHOOV�WUDQVIHFWHG�ZLWK�+,3.��*)3�RU�HPSW\�*)3�YHFWRUV�DQG�FXOWXUHG�LQ�/*�RU�+*�FRQGLWLRQ�
IRU����K��1XFOHL�ZHUH�VWDLQHG�ZLWK�'$3,��%DUV�����ȝP��B, right panel.�$QDO\VLV�RI�*)3�SRVLWLYH�FHOOV�ZDV�SHUIRUPHG�E\�YLVXDOL]LQJ�DW�
OHDVW�����'$3,�SRVLWLYH�FHOOV�JURXS��+,3.��*)3�DQG�HPSW\�*)3��DQG�TXDQWL¿HG�ZLWK�UHVSHFW�WR�FRQWURO��/*�FRQGLWLRQ��VHW�WR������P 
< 0.001. C.�5.2��+&7����DQG�+(.�����FHOOV�ZHUH�JURZQ�LQ�KLJK�JOXFRVH��+*��FRQGLWLRQ�IRU��������DQG����K�EHIRUH�EHLQJ�DVVD\HG�IRU�
VHPL�TXDQWLWDWLYH�57�3&5�RI�+,3.��P51$����6�ZDV�XVHG�DV�D�FRQWURO�IRU�HI¿FLHQF\�RI�51$�H[WUDFWLRQ�DQG�WUDQVFULSWLRQ��D. Western blot 
DQDO\VLV�RI�HQGRJHQRXV�+,3.��SURWHLQ�OHYHOV�LQ�5.2�DQG�+&7����FHOOV�FXOWXUHG�LQ�/*��+*���RU�+*��+*���IRU����K�DQG�DIWHU�VZLWFKLQJ�
EDFN�WKH�+*�VDPSOH�WR�/*�FRQGLWLRQ���UHS��UHSOHQLVKPHQW��IRU����K��$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ�ORDGLQJ�FRQWURO��2QH�UHSUHVHQWDWLYH�
H[SHULPHQW�LV�VKRZQ��'DWD�RI�UHODWLYH�TXDQWL¿FDWLRQ�RI�+,3.��OHYHOV�DUH�SUHVHQWHG�LQ�WKH�ULJKW�SDQHO�DV�PHDQ���6�(�0���n = 4) (one way 
$129$�SOXV�%RQIHUURQL�FRUUHFWLRQ���P��������+*�versus�FWU�DQG��UHS�versus�+*��
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Figure 2: High glucose (HG) promotes phosphatase-dependent HIPK2 protein degradation. A. Western blot analysis 
�ORZHU�SDQHO��DQG�UHODWLYH�TXDQWL¿FDWLRQ��XSSHU�SDQHO��RI�HQGRJHQRXV�+,3.��SURWHLQ�OHYHOV�LQ�+&7����FHOOV�FXOWXUHG�LQ�+*�ZLWK�RU�ZLWKRXW�
0*�����&DO\FXOLQ�$��&/�$��RU�2NDGDLF�DFLG��2$���$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ�ORDGLQJ�FRQWURO��$�UHSUHVHQWDWLYH�LPDJH�LV�VKRZQ��
'DWD�RI�UHODWLYH�TXDQWL¿FDWLRQ�RI�+,3.��OHYHOV�IURP�WKUHH�GLIIHUHQW�H[SHULPHQWV��XSSHU�SDQHO��DUH�SUHVHQWHG�DV�PHDQ��6�(�0���n=3) and 
TXDQWL¿HG�ZLWK�UHVSHFW�WR�FRQWURO�VHW�WR������P�����������+*�versus�FWU��0*����versus�+*��&/�$�versus�+*��2$�versus�+*���B. HEK-
����FHOOV�ZHUH�WUDQVIHFWHG�ZLWK�+,3.��*)3�YHFWRU�DQG����K�DIWHU�WUDQVIHFWLRQ�VZLWFKHG�LQ�+*�FRQGLWLRQ�IRU����K�ZLWK�RU�ZLWKRXW�0*�����
&/�$��RU�2$��$QDO\VLV�RI�*)3�SRVLWLYH�FHOOV�ZDV�SHUIRUPHG�E\�YLVXDOL]LQJ�DW�OHDVW�����'$3,�SRVLWLYH�FHOOV�JURXS�DQG�TXDQWL¿HG�ZLWK�
UHVSHFW�WR�FRQWURO��+,3.��*)3�/*�FRQGLWLRQ��VHW�WR������P < 0.001. C.�:HVWHUQ�EORW�DQDO\VLV��ORZHU�SDQHO��DQG�UHODWLYH�TXDQWL¿FDWLRQ�
�XSSHU�SDQHO��RI�*)3�OHYHOV�LQ�5.2�FHOOV�WUDQVIHFWHG�ZLWK�+,3.��*)3�YHFWRU�DQG����K�DIWHU�WUDQVIHFWLRQ�VZLWFKHG�LQ�+*�FRQGLWLRQ�IRU����
K�ZLWK�RU�ZLWKRXW�&/�$��$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ�ORDGLQJ�FRQWURO��P�����������+*�versus�+,3.��*)3�DQG�+*�&/�$�versus�+*�
+,3.��*)3���D. Western blot analysis of endogenous HIPK2 protein in HCT116 cells cultured for 24 h in the presence of serum coming 
IURP�GLIIHUHQW�SDWLHQWV��HYLGHQFHG�DV�QXPEHUV�DW�WKH�KHLJKW��RQH�QRUPR�JO\FHPLF�VHUD��JO\FHPLD��������/*1) and two hyperglycemic sera 
�JO\FHPLD��������GHULYHG�IURP�SDWLHQWV�ZLWK�W\SH���GLDEHWHV��'0����+*1�DQG�+*2���ZLWK�RU�ZLWKRXW�&/�$��$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ�
loading control.
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HIPK2 protein levels were analysed in a more physiologic 
system. To this aim, cells were cultured in the presence of 
K\SHUJO\FHPLF�VHUD��+*��GHULYHG�IURP�SDWLHQWV�ZLWK�W\SH�
��GLDEHWHV�RU�LQ�WKH�SUHVHQFH�RI�QRUPR�JO\FHPLF�VHUD��1*��
derived from healthy donors, as previously reported [29]. 
The results show that culturing cells with hyperglycemic 
VHUD� �+*�� UHGXFHG� WKH�+,3.�� OHYHOV�� FRPSDUHG� WR� WKH�
effect obtained culturing cells with normo-glycemic sera 
�1*���)LJXUH��'���LQ�DJUHHPHQW�ZLWK�WKH�DERYH�UHVXOWV��
CL-A treatment markedly rescued the HIPK2 protein 
OHYHOV�UHGXFHG�E\�K\SHUJO\FHPLF�VHUD��+*���)LJXUH��'��

To determine whether PP2A was involved in HIPK2 
degradation we took advantage of FTY720 (Fingolimod, 
*LOHQ\D���D�SRWHQW�33�$�DFWLYDWLQJ�GUXJ�>��@��$V�VKRZQ�
LQ� )LJXUH� �$�� )7<����PDUNHGO\� UHGXFHG�+,3.��*)3�
OHYHOV� WKDW� ZHUH� HI¿FLHQWO\� UHVFXHG� E\� 2$� WUHDWPHQW��
In parallel experiments, similar results were obtained 
E\� FRXQWLQJ� WKH� QXPEHU� RI� +,3.��*)3�SRVLWLYH� FHOOV�
(Figure 3B). Considering that the chemical antagonists 
may have offtargets in general and OA and CL-A may 
confer cellular phenotypes by targeting other phosphatase 
IDPLO\�PHPEHUV��ZH�FDUULHG�51$�LQWHUIHUHQFH�WR�FODULI\�
WKH� VSHFL¿F� LQYROYHPHQW� RI� 33�$� LQ� RXU� VHWWLQJ�� 7KH�
UHVXOWV� VKRZ� WKDW� WKH� UHGXFWLRQ� RI� ERWK� +,3.��*)3�
DQG� HQGRJHQRXV� +,3.�� OHYHOV� LQ� +*� FRQGLWLRQ� ZHUH�
remarkably impaired by PP2A interference (Figure 3C, 
FRPSDUH�+*�LQ�VL�FWU�ZLWK�+*�LQ�VL�33�$���6LPLODU�UHVXOWV�
were obtained by using FTY720 (not shown) instead of 
+*��,QWHUHVWLQJO\��ZH�QRWLFHG�WKDW�33�$�VLOHQFLQJ�GLG�QRW�
affect HIPK2 stability under normal condition. Altogether, 
WKHVH�GDWD�GHPRQVWUDWH�WKDW�+*�SURPRWHG�+,3.��SURWHLQ�
degradation in part depending on PP2A.

(YDOXDWLRQ�RI�WKH�UROH�RI�+,)��Į�H[SUHVVLRQ�LQ�
HG-induced HIPK2 degradation

:H�SUHYLRXVO\�UHSRUWHG�WKDW�+*�XSUHJXODWHV�+,)��Į�
and induces the expression of some HIF-1 target genes, 
including GLUT-1 and HK2 glycolytic enzyme, that 
have been shown to protect from drug-induced cancer 
FHOO� GHDWK� >��@��$V� +,)��Į� RYHUH[SUHVVLRQ� DQG� +,)���
activity have been linked to HIPK2 protein degradation 
[20, 22, 31, 32], we next aimed at evaluating their role 
LQ� +,3.�� GRZQUHJXODWLRQ� LQ� +*� FRQGLWLRQ�� :H� ¿UVW�
used a transient reporter assay in which endogenous 
HIF-1 binds to hypoxia responsive elements (HREs) 
of erythropoietin gene promoter cloned upstream of 
a luciferase transcriptional reporter (pEpoE-luc) [33, 
��@��7R�XQGHUOLQH�WKH�UROH�RI�WKH�+,)��Į�VXEXQLW�LQ�WKLV�
setting, cells were co-transfected with increasing amount 
RI�+,)��Į�GRPLQDQW�QHJDWLYH��'1��YHFWRU�ZLWKRXW�'1$�
binding and transactivation domains, as previously 
UHSRUWHG�>������@��$V�VKRZQ�LQ�)LJXUH��$��WKH�+*�LQGXFHG�
S(SR(�OXF�DFWLYLW\�ZDV�HI¿FLHQWO\�UHGXFHG�E\�'1�+,)�
�Į� FR�H[SUHVVLRQ��1H[W�� FHOOV�ZHUH� FR�WUDQVIHFWHG�ZLWK�
+,3.��*)3�DQG�'1�+,)��Į�H[SUHVVLRQ�YHFWRUV�DQG��DIWHU�

WUDQVIHFWLRQ��VZLWFKHG�WR�+*�FRQGLWLRQ��7KH�UHVXOWV�VKRZ�
WKDW�WKH�UHGXFWLRQ�RI�+,3.��*)3�OHYHOV�LQ�+*�FRQGLWLRQ�
ZDV�UHPDUNDEO\�LPSDLUHG�E\�'1�+,)��Į�FR�H[SUHVVLRQ�
�)LJXUH��%��FRPSDUH�+*�LQ�FWU�YHFWRU�ZLWK�+*�LQ�'1�+,)�
�Į���7KH�LQGXFWLRQ�RI�+,)��DFWLYLW\�LQ�+*�ZDV�PRQLWRUHG�
E\� WKH�H[SUHVVLRQ�RI�+,)��WDUJHW�*/87����)LJXUH��%���
Interestingly, as for PP2A silencing (see above), the use 
RI� '1�+,)��Į� YHFWRU� GLG� QRW� PRGLI\� +,3.�� VWDELOLW\�
under normal condition. Among the E3 ubiquitin ligases 
involved in hypoxia-induced HIPK2 degradation is Siah2 
>��@��7KHUHIRUH��ZH�FDUULHG�51$�LQWHUIHUHQFH�WR�FODULI\�WKH�
VSHFL¿F�LQYROYHPHQW�RI�6LDK��LQ�RXU�VHWWLQJ��7KH�UHVXOWV�
show that the reduction of endogenous HIPK2 levels in 
+*�FRQGLWLRQ�ZDV�UHPDUNDEO\�LPSDLUHG�E\�6LDK��VLOHQFLQJ�
(Figure 4C, and 4D). Finally, we aimed at evaluating the 
role of HIPK2K1182R mutant (herein referred as K1182), 
UHVLVWDQW�WR�SURWHDVRPDO�GHJUDGDWLRQ�>��@��LQ�+*�FRQGLWLRQ��
7KH� UHVXOWV� VKRZ� WKDW� WKH� GHJUDGDWLRQ� RI� +,3.��*)3�
SURWHLQ� LQ�+*�GLG�QRW�DIIHFW� WKH�.�����PXWDQW�SURWHLQ�
(Figure 4E). Matching results were obtained by counting 
WKH�QXPEHU�RI�+,3.��*)3�DQG�.�����*)3�ÀXRUHVFHQW�
FHOOV�XSRQ�/*�DQG�+*�FRQGLWLRQV��)LJXUH��)���$V�+,3.��
may be tightly controlled by hierarchically occurring 
SRVWWUDQVODWLRQDO� PRGL¿FDWLRQV� �370�� >��@�� ZH� DOVR�
HYDOXDWHG�ZKHWKHU�WKH�+*�FRQGLWLRQ�FRXOG�DIIHFW�+,3.��
SKRVSKRU\ODWLRQ��7R�WKLV�DLP��RYHUH[SUHVVHG�+,3.��*)3�
protein was immunoprecipitated from cells allowed to 
VWDQG�LQ�HLWKHU�/*�RU�+*�FRQGLWLRQ��EHIRUH�XQGHUJRLQJ�
western immunoblotting with anti-phospho-Ser/Thr 
antibody. The results show that, switching cells from 
/*� WR� +*� FRQGLWLRQV�� GLG� QRW�PRGLI\� +,3.�� 6HU�7KU�
phosphorylation (Supplementary Figure S1). Although 
WKLV� WHFKQLTXH� GLG� QRW� GHWHFW� PRGL¿FDWLRQV� RI� +,3.��
SKRVSKRU\ODWLRQ�LQ�+*�FRQGLWLRQ��LW�FDQQRW�EH�H[FOXGHG�
WKDW�+,3.��GHJUDGDWLRQ�LV�LQGHSHQGHQW�IURP�+*�LQGXFHG�
PTM. A more sensitive technique would help, in future 
studies, to clarify this issue. Altogether, these results 
VXJJHVW�WKDW�+,)��Į�XSUHJXODWLRQ�XSRQ�+*�ZDV��DW�OHDVW�LQ�
part, responsible of HIPK2 protein degradation that could 
EH�UHVFXHG�E\�HLWKHU�LQKLELWLQJ�+,)��Į�RU�XELTXLWLQ�OLJDVH�
Siah2 expression.

HG impairs HIPK2 apoptotic activity

)LQDOO\�� WKH� HIIHFW� RI� +*� RQ� +,3.�� ELRORJLFDO�
DFWLYLW\� ZDV� DQDO\VHG��:H� ¿UVW� SHUIRUPHG� D� ORQJ�WHUP�
survival assay of cells transiently transfected with HIPK2-
*)3� DQG� .�����*)3� H[SUHVVLRQ� YHFWRUV�� $V� VKRZQ�
in Figure 5A, the cell survival was reduced by HIPK2 
RYHUH[SUHVVLRQ� LQ� QRUPDO� FRQGLWLRQ� �/*��ZKLOH� LW� ZDV�
QRW�DIIHFWHG�ZKHQ�FHOOV�ZHUH�VZLWFKHG�WR�+*�FRQGLWLRQ��
Interestingly, the effect of K1182 on cell survival was not 
PRGL¿HG�E\�+*�FRQGLWLRQ��LQ�DJUHHPHQW�ZLWK�WKH�DERYH�
UHVXOWV�WKDW�+*�GLG�QRW�LQGXFH�.�����SURWHLQ�GHJUDGDWLRQ��
1H[W��ZH�SHUIRUPHG�)$&6�DQDO\VLV�ZLWK�SURSLGLXP�LRGLGH�
�3,��VWDQLQJ�WR�HYDOXDWH�VXE*���DSRSWRWLF�FHOO�GHDWK��$V�
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shown in Figure 5B (upper panel), HIPK2 overexpression 
induced apoptotic cell death that was impaired by 
VZLWFKLQJ�FHOOV�WR�+*�FRQGLWLRQ��$V�H[SHFWHG��WKH�.�����
LQGXFHG� DSRSWRVLV� ZDV� QRW� LQKLELWHG� E\� +*� FRQGLWLRQ�
(Figure 5B, upper panel). Of note, Western blotting 

show that p53Ser46 phosphorylation (p-Ser46), induced 
E\�+,3.���ZDV�UHGXFHG�E\�+*�ZKLOH�S�6HU��� LQGXFHG�
E\�.������ZDV�QRW�PRGL¿HG�E\�+*��)LJXUH��%�� ORZHU�
panel). Then, we evaluated the p53 transcriptional activity 
by luciferase assay. To this aim, cells were co-transfected 

Figure 3: PP2A induces HIPK2 degradation. A.�:HVWHUQ� EORW� DQDO\VLV� DQG� UHODWLYH� TXDQWL¿FDWLRQ� RI�*)3� OHYHOV� LQ�+(.�����
FHOOV�WUDQVIHFWHG�ZLWK�+,3.��*)3�YHFWRU�DQG�WUHDWHG�ZLWK�33�$�DFWLYDWRU�)7<�����ZLWK�RU�ZLWKRXW�2NDGDLF�DFLG��2$���'DWD�RI�UHODWLYH�
TXDQWL¿FDWLRQ�RI�+,3.��*)3� OHYHOV�DUH�SUHVHQWHG�DV�PHDQ��6�(�0�� �n ����P < 0.001 (FTY720 versus�+,3.��*)3�DQG�)7<����2$�
versus FTY720). B.�+(.����� FHOOV�ZHUH� WUDQVIHFWHG�ZLWK�+,3.��*)3�YHFWRU� DQG����K� DIWHU� WUDQVIHFWLRQ� WUHDWHG�ZLWK�33�$�DFWLYDWRU�
)7<�����ZLWK�RU�ZLWKRXW�2NDGDLF�DFLG��2$���$QDO\VLV�RI�*)3�SRVLWLYH�FHOOV�ZDV�SHUIRUPHG�E\�YLVXDOL]LQJ�DW� OHDVW�����'$3,�SRVLWLYH�
FHOOV�JURXS�DQG�TXDQWL¿HG�ZLWK�UHVSHFW�WR�FRQWURO��+,3.��*)3�/*�FRQGLWLRQ��VHW�WR������P����������7KH�TXDQWL¿FDWLRQ�RI�*)3�SRVLWLYH�
FHOOV�LV�SUHVHQWHG�DV�PHDQ���6�(�0���RQH�ZD\�$129$�SOXV�%RQIHUURQL�FRUUHFWLRQ���P<0.001 (FTY720 versus�+,3.��*)3�DQG�)7<����
OA versus FTY720). C.�+(.�����FHOOV�ZHUH�WUDQVIHFWHG�ZLWK�VL51$�IRU�33�D�&Į��VL�33�$��RU�ZLWK�FRQWURO�VL51$��VL�FWU��DQG����K�ODWHU�
WUDQVIHFWHG�ZLWK�+,3.��*)3�EHIRUH�VZLWFKLQJ�WR�+*�IRU����K��:HVWHUQ�EORW�DQDO\VLV�VKRZV�WKH�OHYHOV�RI�ERWK�H[RJHQRXV�+,3.��*)3�DQG�
HQGRJHQRXV�+,3.��SURWHLQ�OHYHOV��$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ�ORDGLQJ�FRQWURO�
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with the p53 responsive p53AIP-luciferase reporter (target 
RI� S��6HU���� DORQJ� ZLWK� +,3.��*)3� RU� .�����*)3�
expression vectors. As shown in Figure 5C, the HIPK2-

induced p53AIP1-luc activity was remarkably reduced 
E\�+*�FRQGLWLRQ��ZKLOH�WKH�.�����LQGXFHG�S��$,3��OXF�
DFWLYLW\�ZDV�QRW�PRGL¿HG�E\�+*�FRQGLWLRQ���)LJXUH��&���

Figure 4: HIF-1 activity is involved in HIPK2 degradation in HG condition. A. HEK-293 cells were transiently co-transfected 
ZLWK�'1�+,)��Į�H[SUHVVLRQ�YHFWRU����DQG��ȝJ��DORQJ�ZLWK�S(SR(�OXF�UHSRUWHU������ȝJ��DQG����K�DIWHU�WUDQVIHFWLRQ�VZLWFKHG�WR�+*�FRQGLWLRQ�
IRU����K�EHIRUH�OXFLIHUDVH�DFWLYLW\�ZDV�DVVD\HG��5HODWLYH�/XFLIHUDVH�8QLWV��5/8��QRUPDOL]HG�WR�ȕ�JDO�LV�VKRZQ��7KH�VKRZQ�GDWD�UHSUHVHQW�
WKH�PHDQ���6�'��IURP�WKUHH�LQGHSHQGHQW�H[SHULPHQWV�SHUIRUPHG�LQ�GXSOLFDWH��B.�+(.����FHOOV�ZHUH�FR�WUDQVIHFWHG�ZLWK�+,3.��*)3�YHFWRU�
DQG�'1�+,)��Į�RU�FRQWURO�YHFWRU��FWU�YHFWRU��DQG����K�ODWHU�FXOWXUHG�LQ�+*�IRU����K��7KH�H[SUHVVLRQ�OHYHOV�RI�+,3.��*)3�DQG�*/87���
ZHUH�DQDO\VHG�E\�ZHVWHUQ�EORWWLQJ��$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ�ORDGLQJ�FRQWURO��C. RKO cells were transfected with si-Siah2 and si-
51$�DQG�P51$�H[SUHVVLRQ�DQDO\VHG����K�ODWHU�E\�57�3&5��D.�&HOOV�WUDQVIHFWHG�DV�LQ��&��ZHUH�VZLWFKHG�WR�+*�FRQGLWLRQ�DQG�HQGRJHQRXV�
+,3.��OHYHOV�DQDO\VHG�E\�ZHVWHUQ�EORW����K�ODWHU��O�F���ORDGLQJ�FRQWURO��E.�:HVWHUQ�EORW�DQDO\VLV��ORZHU�SDQHO��DQG�UHODWLYH�TXDQWL¿FDWLRQ�
�XSSHU�SDQHO��RI�*)3�OHYHOV�LQ�+(.�����FHOOV�WUDQVIHFWHG�ZLWK�+,3.��*)3�DQG�.�����*)3�H[SUHVVLRQ�YHFWRUV�DQG����K�DIWHU�WUDQVIHFWLRQ�
VZLWFKHG� LQ�+*�FRQGLWLRQ�IRU����K��$QWL�ȕ�DFWLQ�ZDV�XVHG�DV�SURWHLQ� ORDGLQJ�FRQWURO��'DWD�RI� UHODWLYH�TXDQWL¿FDWLRQ�RI�*)3�OHYHOV�DUH�
SUHVHQWHG�DV�PHDQ���6�'��P < 0.001. F.�+(.�����FHOOV�WUDQVIHFWHG�ZLWK�+,3.��*)3�RU�.�����*)3�H[SUHVVLRQ�YHFWRUV�DQG�FXOWXUHG�LQ�/*�
RU�+*�FRQGLWLRQ�IRU����K��$QDO\VLV�RI�*)3�SRVLWLYH�FHOOV�ZDV�SHUIRUPHG�E\�YLVXDOL]LQJ�DW�OHDVW�����'$3,�SRVLWLYH�FHOOV�JURXS��+,3.��*)3�
DQG�.�����*)3��DQG�TXDQWL¿HG�ZLWK�UHVSHFW�WR�FRQWURO��/*�FRQGLWLRQ��VHW�WR������P < 0.001.
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Finally, the expression of p53-induced apoptotic target 
genes (i.e., Bax, Noxa and Puma) was evaluated by RT-
PCR analysis. As shown in Figure 5D, the HIPK2-induced 
WUDQVFULSWLRQ�RI�DSRSWRWLF�JHQHV�ZDV�LPSDLUHG�E\�ERWK�+*�
condition and FTY720 treatment while, on the contrary, 
the K1182-induced transcription of p53 apoptotic target 
JHQHV�ZDV�QRW�LQKLELWHG�E\�+*�RU�)7+�����)LJXUH��'���

as also evidenced by densitometric analysis (Figure 5D, 
numbers underneath the images). Altogether, these data 
LQGLFDWH�WKDW�+*�VWURQJO\�LPSDLUHG�+,3.��LQGXFHG�S���
apoptotic activity. In agreement, a HIPK2 degradation-
resistant mutant (K1182) was able to overcome the 
QHJDWLYH� HIIHFW� RI� +*� DQG� WKHUHIRUH� WR� SUHVHUYH� S���
activity.

Figure 5: HG impairs HIPK2 apoptotic activity. A. Clonogenic survival assay of HCT116 transiently transfected with HIPK2-
*)3��.�����*)3�DQG�HPSW\�*)3�H[SUHVVLRQ�YHFWRUV��$IWHU� WUDQVIHFWLRQ�FHOOV�ZHUH�VZLWFKHG� WR�+*�FRQGLWLRQ�DQG�GHDWK�UHVLVWDQW�FHOOV�
were stained with crystal violet 1 week later. B.�5.2�FHOOV�ZHUH�WUDQVIHFWHG�ZLWK�+,3.��*)3�RU�.�����*)3�H[SUHVVLRQ�YHFWRUV�DQG����K�
ODWHU�FXOWXUHG�LQ�+*�IRU����K��7ZHQW\�IRXU�KRXUV�ODWHU��FHOOV�ZHUH�LQ�SDUW�¿[HG�DQG�VWDLQHG�ZLWK�3,�IRU�VXE*��HYDOXDWLRQ��XSSHU�SDQHO��RU�
O\VHG�DQG�DQDO\]HG�E\�ZHVWHUQ�LPPXQREORWWLQJ�WR�DVVHVV�S�6HU����ORZHU�SDQHO���'DWD�DUH�SUHVHQWHG�DV�PHDQ���6�'��P < 0.001. C. RKO 
FHOOV�ZHUH�WUDQVLHQWO\�FR�WUDQVIHFWHG�ZLWK�S��$,3��OXF�UHSRUWHU�DQG�+,3.��*)3�RU�.�����*)3�H[SUHVVLRQ�YHFWRUV��7ZHQW\�IRXU�KRXUV�
DIWHU�WUDQVIHFWLRQ�FXOWXUH�PHGLXP�ZDV�FKDQJHG�ZLWK�+*�PHGLXP��5HVXOWV��QRUPDOL]HG�WR�ȕ�JDO�DFWLYLW\�DUH�WKH�PHDQ�RI�WKUHH�LQGHSHQGHQW�
H[SHULPHQWV���6�'��SHUIRUPHG�LQ�GXSOLFDWH��P = 0.001 D.�5.2�FHOOV�ZHUH�WUDQVIHFWHG�ZLWK�+,3.��*)3�RU�.�����*)3�H[SUHVVLRQ�YHFWRUV�
DQG��DIWHU�WUDQVIHFWLRQ��VZLWFKHG�WR�HLWKHU�+*�FRQGLWLRQ�IRU����K�RU�)7<����WUHDWPHQW�IRU����K��EHIRUH�EHLQJ�DVVD\HG�IRU�VHPL�TXDQWLWDWLYH�
57�3&5�RI�S���WDUJHW�JHQHV����6�ZDV�XVHG�DV�D�FRQWURO�IRU�HI¿FLHQF\�RI�51$�H[WUDFWLRQ�DQG�WUDQVFULSWLRQ��'HQVLWRPHWU\�ZDV�SHUIRUPHG�
ZLWK�,PDJH-�VRIWZDUH�DQG�UHODWLYH�EDQG�LQWHQVLW\�QRUPDOL]HG�WR���V�DQG�TXDQWL¿HG�ZLWK�UHVSHFW�WR�FRQWUROV�VHW�WR�����
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DISCUSSION

+,3.��LV�D�NH\�UHJXODWRU�RI�'1$�GDPDJH�LQGXFHG�
DSRSWRVLV� >��� ���� ��@�� ,Q� UHVSRQVH� WR� '1$� GDPDJH� RU�
chemotherapeutic drugs, activated HIPK2 induces 
apoptosis via phosphorylation of target proteins such 
DV�S����0'0���ǻ1S��Į�DQG�&W%3�>���@��$V�DSRSWRVLV�
alteration is responsible, among other effects, of tumor 
resistance to therapies [40], the regulation of HIPK2 
expression level and activity is of particular relevance for 
the determination of cell fate between survival and death. 
Previous studies established that HIPK2 protein stability 
is tightly regulated by ubiquitin-proteasome system 
[12-14, 20-22, 32, 41]. In the present study, we have 
shown that hyperglycemia promotes the degradation of 
HIPK2 in parte through ubiquitin ligase Siah2 downstream 
RI� D� SURWHLQ� FDVFDGH� LQFOXGLQJ� 33�$� DQG� +,)��Į�� DV�

summarized in the scheme (Figure 6). By regulating 
+,3.��SURWHLQ�VWDELOLW\��WKH�PHWDEROLF�+*�FRQGLWLRQ�PD\�
have a role in cellular decision-making between survival 
and apoptosis, in response to anticancer therapies.

+\SHUJO\FHPLD� LV� GH¿QHG� DV� D� VWDWH� RI� H[FHVV�
glucose concentration in the blood, which develops when 
the body has too little insulin or when the body cannot 
use insulin properly [42]. Hyperglycemia is a hallmark 
for diabetes mellitus but other medical condition such as 
obesity, pancreatitis, chronic stress and cancer can induce 
it [43-47]. There is evidence that high blood glucose may 
contribute to cancer progression, apoptosis inhibition, 
metastasis, and chemotherapy resistance by modifying 
several molecular pathways [27, 48-50]. In this regard, we 
SUHYLRXVO\�VKRZHG�WKDW�+*�LPSDLUV�S���SKRVSKRU\ODWLRQ�
at Ser46 thus reducing p53 apoptotic activity [23]. 
Interestingly, the use of the PP2A inhibitor Calyculin 

Figure 6: Proposed model for HG-induced HIPK2 degradation.� +LJK� JOXFRVH� �+*�� DFWLYDWHV� 33�$� >��@� ZKLFK� LQ� WXUQ�
dephosphorylates ChREBP allowing its nuclear translocation and binding to the +,)��Į�SURPRWHU�>������@��+,)��Į�DFFXPXODWHV�LQ�WKH�
F\WRSODVP�DQG�WUDQVORFDWHV�WR�WKH�QXFOHXV�WR�ELQG�WR�WKH�+,)��ȕ�VXEXQLW�DQG�DFWLYDWH�+,)���PHGLDWHG�WUDQVFULSWLRQ�RI�WDUJHW�JHQH�>������@��
Hypoxic condition allows increased HIPK2/Siah2 interaction inducing proteasomal degradation of the kinase [22]. HIPK2 downregulation 
LPSDLUV�S���SKRVSKRU\ODWLRQ�DW�6HU���DQG�UHGXFHV�DSRSWRWLF�JHQH�WUDQVFULSWLRQ�>�@��33�$�DFWLYDWRU�)7<����FDQ�PLPLF�WKH�+*�LQGXFHG�
+,3.��GHJUDGDWLRQ��+,3.��VWDELOLW\�FDQ�EH�UHVFXHG�E\�LQKLELWLQJ�33�$�WUDQVFULSWLRQ�ZLWK�VL51$�RU�33�$�DFWLYLW\�ZLWK�&/�$��FDO\FXOLQ�
$���2$��RNDGDLF�DFLG���E\�EORFNLQJ�+,)��Į�ZLWK�GRPLQDQW�QHJDWLYH��'1��YHFWRU��RU�E\�EORFNLQJ�Siah2�H[SUHVVLRQ�E\�VL51$��¿QDOO\��+,3.��
OHYHOV�FDQ�EH�UHVFXHG�E\�LQKLELWLQJ�SURWHDVRPH�ZLWK�0*�����WKLV�PDQXVFULSW��
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A restores Ser46 phosphorylation and drug-induce cell 
GHDWK� >��@��+*�KDV� EHHQ� VKRZQ� WR� DFWLYDWH�33�$� >��@�
DQG� NQRFNGRZQ� RI� 33�$� E\�51$L� LV� DEOH� WR� HQKDQFH�
ionizing radiation-induced p53Ser46 phosphorylation 
and apoptosis, suggesting that Ser46 is a target of PP2A 
activity [24], however, whether the effect is direct on p53 
RU�QRW�KDV�QRW�EHHQ�FODUL¿HG�� ,Q�RXU� VWXG\��ZH�DGGHG�D�
level of knowledge to this issue by demonstrating that 
+*�LQGXFHG�+,3.��GHJUDGDWLRQ�VWURQJO\� LQKLELWHG�S���
DSRSWRWLF� DFWLYLW\�� 7KH� GHJUDGDWLRQ� RI� +,3.�� E\� +*�
was dependent on PP2A as elucidated by either PP2A 
activation with FTY720 [30] or PP2A knockdown 
ZLWK�VL51$��WKXV�VXJJHVWLQJ�WKDW�WKH�HIIHFW�RI�33�$�RQ�
p53Ser46 phosphorylation is not direct but rather mediated 
by HIPK2 downregulation. As protein degradation is 
often related to changes in the phosphorylation status, 
we hypothesized that HIPK2 degradation could be the 
consequence of PP2A-induced HIPK2 dephosphorylation. 
However, this was not the case. Although HIPK2-Ser/Thr 
SKRVSKRU\ODWLRQ�VWDWXV�GLG�QRW�FKDQJH�XQGHU�+*�FRQGLWLRQ�
(Supplementary Figure S1) we do not feel to exclude that 
WKHVH�SRVWWUDQVODWLRQDO�PRGL¿FDWLRQV�PD\�KDSSHQ�XQGHU�
+*�DQG�IXUWKHU�VWXGLHV�ZLWK�PRUH�VHQVLWLYH�WHFKQLTXHV�ZLOO�
hopefully allow to clarify this issue.

As previous studies established that HIPK2 protein 
stability is tightly regulated by several ubiquitin ligases 
acting in different cellular conditions [12-14, 20-22, 32, 
��@��ZH� DVNHG�ZKDW�ZDV� WKH� OLQN� EHWZHHQ�+*�� 33�$�
and HIPK2 stability. Data from the literature reported 
WKDW� 33�$� DFWLYDWLRQ�� XSRQ� LQFUHDVHG� JOXFRVH� ÀX[��
induces carbohydrate response element binding protein 
(ChREBP) dephosphorylation and nuclear translocation 
to bind to the proximal HIF1A promoter, stimulating its 
WUDQVFULSWLRQ�DQG�+,)��Į�VWDELOL]DWLRQ�HYHQ�LQ�QRUPR[LF�
condition [26, 52-54] (Figure 6). Although we did not 
assess in this study the levels of ChREBP, in support of 
WKDW�PHFKDQLVP�ZH�SUHYLRXVO\�IRXQG�WKDW�+*�LQFUHDVHV�
+,)��Į�H[SUHVVLRQ�ZLWK�XSUHJXODWLRQ�RI�JHQHV�WDUJHW�RI�
HIF-1 activity (i.e., GLUT-1 and HK2) [25]. Therefore, 
as hypoxia and HIF-1 activity have been shown to 
induce HIPK2 proteasomal degradation through several 
ubiquitin ligases, including WSB1 and Siah2 [21, 22], 
we supposed that HIF-1, even in normoxic condition, 
FRXOG� EH� WKH� OLQN� EHWZHHQ� +*� FRQGLWLRQ� DQG� +,3.��
degradation. Our hypothesis was supported by data 
VKRZLQJ�WKDW��UHGXFLQJ�+,)��Į�OHYHOV�ZLWK�D�GRPLQDQW�
QHJDWLYH�YHFWRU�RU�WDUJHWLQJ�51$�GLUHFWHG�DJDLQVW�Siah2 
FRXQWHUDFWHG� +*�LQGXFHG� +,3.�� GHJUDGDWLRQ�� Siah2 
knock-down phenocopied PP2A knock-down, supporting 
WKH� QRWLRQ� WKDW� WKH� 33�$�+,)��Į�6LDK��� D[LV� ZDV�
UHVSRQVLEOH�IRU�+,3.��GHJUDGDWLRQ�XQGHU�+*�FRQGLWLRQV�
(Figure 6). However, given that we always detected 
PDUNHGO\�GHFUHDVHG�+,3.��OHYHOV�XQGHU�+*��EXW�QHYHU�
a complete elimination of the kinase, we cannot exclude 
that other ligases might be involved. Further studies will 
allow to clarify this issue.

In response to genotoxic stress HIPK2 phosphorylates 
and activates the apoptotic program through interaction with 
diverse downstream targets including tumor suppressor 
p53 [7]. In addition, HIPK2 binds and phosphorylates 
a large number of targets, including signal transducers, 
transcription factors, epigenetic regulators, and ubiquitin 
ligases, regulating gene expression [39]. Therefore, besides 
alleviating transcription repression, HIPK2 elimination 
will also affect HIPK2-mediated p53 phosphorylation 
DQG� DFWLYDWLRQ��$FFRUGLQJO\�� +*� FRQGLWLRQ� VLJQL¿FDQWO\�
reduced HIPK2-induced p53Ser46 phosphorylation, while a 
HIPK2 degradation-resistant mutant (K1182) failed to do so 
(Figure 5). As phosphorylation of p53Ser46 is essential for 
the induction of cell death [7], impaired HIPK2-mediated 
S���PRGL¿FDWLRQ�ZLOO� GHWHULRUDWH� FKHPRWKHUDS\�LQGXFHG�
DSRSWRVLV� LQ�+*�FRQGLWLRQ��,Q�DJUHHPHQW��ZH�SUHYLRXVO\�
IRXQG�WKDW�+*�LPSDLUV�WKH�F\WRWR[LF�HIIHFW�RI�GUXJV�LQ�SDUW�
through reduction of p53Ser46 apoptotic activity [23] and, 
as a proof of principle, preliminary data showed that in the 
early response to chemotherapeutic drugs HIPK2 protein 
failed to be stabilized and rather underwent downregulation 
(data not shown). However, why drug treatment was not 
SURWHFWLQJ�+,3.��IURP�+*�LQGXFHG�SURWHLQ�GHJUDGDWLRQ�
needs to be elucidated.

Interestingly, here we noticed that HIPK2 
GHJUDGDWLRQ�E\�+*�FRXOG�EH�DOOHYLDWHG�E\�VZLWFKLQJ�EDFN�
FHOO�FXOWXUH�IURP�+*�WR�ORZ�JOXFRVH�FRQGLWLRQ��)LJXUH��'���
Although a longer time course was not presented, our data 
suggest that lowering glycemic levels might be a valuable 
strategy to keep the HIPK2/p53 apoptotic axis functional. 
7KH� WUDQVODWLRQDO� SRWHQWLDO� RI� RXU� ¿QGLQJ� FRXOG� EH� DOVR�
achieved by interfering with the mechanisms leading 
to HIPK2 downregulation. As a proof of principle, we 
showed here that culturing cells with hyperglycemic sera 
derived from patients could indeed reduce HIPK2 levels, 
compared to cells cultured with normo-glycemic sera and 
that the use of CL-A counteracted the degradative effect. In 
addition, we recently showed that ZnCl2 supplementation, 
E\�LQKLELWLQJ�WKH�JO\FRO\WLF�SDWKZD\��HI¿FLHQWO\�UHVWRUHV�
WKH�GUXJ�LQGXFHG�FDQFHU�FHOO�GHDWK�LPSDLUHG�E\�+*�>25]. 
Moreover, ZnCl2 has been also shown to inhibit HIF-1 
activity and restore the HIPK2-induced p53 apoptotic 
DFWLYLW\�>����������@��:H�SUHYLRXVO\�VKRZHG�WKH�EHQH¿FLDO�
effect of zinc supplementation in combination with 
FKHPRWKHUDS\�>�����@�DQG�KHUH�RXU�¿QGLQJV�IXUWKHU�VXJJHVW�
that combination treatments with chemotherapeutic drugs 
and ZnCl2 may sustain the drug cytotoxic effect even in 
metabolic conditions that negatively affect apoptotic/
chemoresistant pathways. Taken together, our results 
VXJJHVW�WKDW�+*�PD\�SOD\�D�FULWLFDO�UROH�LQ�UHGXFLQJ�WKH�
apoptotic response in cancer cells by promoting HIPK2 
degradation. As HIPK2 is a tumor suppressor and mediator 
RI�'1$�GDPDJH�LQGXFHG�DSRSWRVLV��RXU�UHVXOWV�SURSRVH�D�
QHZ�PHDVXUH�WR�LPSURYH�WKH�HI¿FLHQF\�RI�JHQRWR[LF�FDQFHU�
WKHUDSLHV� E\� LQWHUIHULQJ�ZLWK� WKH�+*�LQGXFHG� SDWKZD\V�
leading to HIPK2 degradation.
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MATERIALS AND METHODS

Cell culture and reagents

Human colon cancer RKO and HCT116 and 
human embryo kidney (HEK)-293 cell lines were 
URXWLQHO\�FXOWXUHG�LQ�'XOEHFFR�PRGL¿HG�(DJOH¶V�PHGLXP�
(DMEM) (Life Technology-Invitrogen, Carlsbad, CA, 
86$�� FRQWDLQLQJ� �� J�/�'�JOXFRVH� �ORZ� JOXFRVH� �� /*��
supplemented with 10% heat-inactivated foetal bovine 
VHUXP��)%6���*,%&2�%5/��*UDQG�,VODQG��1<��86$��SOXV�
100 units/ml penicillin/ streptomycin and glutamine in 5% 
CO2�KXPLGL¿HG�LQFXEDWRU�DW����&�

)RU� KLJK� JOXFRVH� �+*�� WUHDWPHQW�� ��� K� DIWHU�
SODWLQJ�FHOOV�ZHUH�VZLWFKHG�IURP�/*�PHGLXP�WR�'0(0�
containing 4.5 g/L D-glucose (Life Technology-Invitrogen) 
supplemented with 2% FBS for 24 h, as previously reported 
[23, 27]. Human sera were obtained from type 2 diabetes 
SDWLHQWV� �JO\FHPLD�������PJ�GO��RU� IURP�KHDOWK\�GRQRUV�
�JO\FHPLD������PJ�GO��DQG�XVHG�DW�����FRQFHQWUDWLRQ�WR�
culture cells, as previously described [29].

3URWHDVRPH�LQKLELWRU�0*�����6,*0$�$OGULFK��6W��
/RXLVH��02��86$��ZDV�XVHG�DW����ȝ0�¿QDO�FRQFHQWUDWLRQ�
IRU���K��DV�SUHYLRXVO\�UHSRUWHG�>��@��SKRVSKDWDVH�LQKLELWRUV�
FDO\FXOLQ�$��6,*0$�$OGULFK��DQG�2NDGDLF�DFLG��6DQWD�
Cruz Biotechnology, CA, USA) were used, respectively, at 
��Q0�DQG���Q0�IRU����K��DV�SUHYLRXVO\�UHSRUWHG�>������@��
33�$�DFWLYDWRU�)7<�����6,*0$�$OGULFK��ZDV�XVHG�DW���
ȝ0�IRU�������K��DV�SUHYLRXVO\�UHSRUWHG�>��@�

Transient transfection, plasmids and luciferase 
assay

Cells were plated in 60 mm Petri dishes and, 
the day after, transfected with the cationic polymer 
LipofectaminePlus method (Life Technology-Invitrogen), 
DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��([SUHVVLRQ�
YHFWRUV� XVHG� ZHUH�� HPSW\�*)3�� +,3.��*)3� >�@��
HIPK2K1182R�*)3��0'0��GHJUDGDWLRQ�UHVLVWDQW��>��@�DQG�
WKH�YHFWRU�HQFRGLQJ�WKH�GRPLQDQW�QHJDWLYH�IRUP�RI�+,)��Į�
ZLWKRXW�'1$�ELQGLQJ�GRPDLQ�DQG�WUDQVDFWLYDWLRQ�GRPDLQ�
�S&(3��+,)��Į'1��>������@� �NLQGO\�SURYLGHG�E\�%�+��
-LDQJ��1DQMLQJ�0HGLFDO�8QLYHUVLW\��&KLQD��

For p53 transcriptional activity, a luciferase assay 
was performed by co-transfecting cells with HIPK2-
*)3�RU�+,3.�K1182R�*)3�H[SUHVVLRQ�YHFWRUV�DORQJ�ZLWK�
the luciferase reporter gene driven by the p53Ser46-
dependent promoter p53AIP1-luc vector (kindly provided 
E\�+��$UDNDZD��1DWLRQDO�&DQFHU�&HQWHU��7RN\R��-DSDQ���
For HIF1 transcriptional activity, a luciferase assay was 
performed by co-transfecting cells with the luciferase 
reporter gene driven by human erythropoietin enhancer 
region containing a functional HIF-1 binding site 
(pEpoE-luc) [33] (kindly provided by L. Eric Huang, 
1�&�,��� 1�,�+�� %HWKHVGD�� 0$�� 86$�� ZLWK� LQFUHDVLQJ�
DPRXQW� RI� S&(3��+,)��Į'1�� DV� SUHYLRXVO\� UHSRUWHG�

>��@��7UDQVIHFWLRQ�HI¿FLHQF\�ZDV�QRUPDOL]HG�ZLWK�D�FR�
WUDQVIHFWHG�ȕ�JDODFWRVLGDVH�SODVPLG��/XFLIHUDVH�DFWLYLW\�
was assayed on whole cell extract and the luciferase values 
ZHUH�QRUPDOL]HG�WR�ȕ�JDODFWRVLGDVH�DFWLYLW\�DQG�SURWHLQ�
content and expressed as relative luciferase unit (RLU).

Immunocytochemistry

)RU� LPPXQRÀXRUHVFHQFH� DQDO\VLV�� FHOOV� ZHUH�
WUDQVIHFWHG�ZLWK�+,3.��*)3��+,3.�K1182R�*)3�RU�HPSW\�
*)3� YHFWRUV� DQG�� DIWHU� WUDQVIHFWLRQ�� WU\SVLQL]HG� DQG�
re-plated on coverslips in low glucose medium. Twenty-
IRXU�KRXUV�ODWHU��FHOOV�ZHUH�VZLWFKHG�WR�+*�FRQGLWLRQ�IRU�
additional 24 h. Cells were then washed twice with 1 x 
3%6�DQG�¿[HG�LQ����IRUPDOGHK\GH�DW�URRP�WHPSHUDWXUH�
for 20 min. Cells were washed twice with 1 x PBS and 
WKHQ� FKURPRVRPDO�'1$�ZDV� VWDLQHG�ZLWK�'$3,��*)3�
LPPXQRÀXRUHVFHQFH�ZDV�YLVXDOL]HG�E\�D�1LNRQ�(FOLSVH�
7L�8�ÀXRUHVFHQFH�PLFURVFRSH��1LNRQ��

Clonogenic survival assay

For survival assay, 2x105 cells were plated on 60-
PP�GLVKHV�DQG�WUDQVIHFWHG�ZLWK�+,3.��*)3��.�����*)3�
RU�HPSW\�*)3�YHFWRUV�����K�ODWHU�FHOOV�ZHUH�VZLWFKHG�WR�
+*�FRQGLWLRQ�DQG�GHDWK�UHVLVWDQW�FHOOV�ZHUH�VWDLQHG�ZLWK�
crystal violet 1 week later.

PI staining

$SRSWRVLV� ZDV� TXDQWL¿HG� E\� F\WRÀXRULPHWULF�
analysis after staining cells with non-vital dye propidium 
iodide (PI) (Immunological Sciences, Rome, Italy), 
IROORZLQJ� WKH� PDQXIDFWXUHU¶V� LQVWUXFWLRQ�� %ULHÀ\�� FHOOV�
ÀRDWLQJ�ZHUH�FROOHFWHG�E\�FHQWULIXJDWLRQ�DQG�SRROHG�ZLWK�
DGKHUHQW� FHOOV� UHFRYHUHG� IURP� WKH� SODWHV�� ¿[HG� LQ� ����
ethanol, and stained in a PBS solution containing PI (62.5 
PJ�PO��6LJPD�$OGULFK��DQG�51DVH�$�4����������PJ�PO��
Sigma-Aldrich). Samples were analyzed with a FACScan 
instrument (Becton Dickinson Europe Holdings SAS 
- Le Pont De Claix, France) and the percentage of cells 
LQ�VXE*��FRPSDUWPHQW�ZDV�FDOFXODWHG�XVLQJ�0RG)LW�/7�
software (Becton Dickinson). About 30 000 events were 
acquired and gated using forward scatter and side scatter 
to exclude cell debris.

51$�H[WUDFWLRQ�DQG�VHPL�TXDQWLWDWLYH�UHYHUVH�
transcription (RT)-PCR analysis

&HOOV�ZHUH�KDUYHVWHG�LQ�75,]RO�5HDJHQW�DQG�P51$�
ZDV� LVRODWHG� IROORZLQJ� WKH� PDQXIDFWXUHU¶V� LQVWUXFWLRQV�
�/LIH�7HFKQRORJ\�,QYLWURJHQ���7KH�¿UVW�VWUDQG�F'1$�ZDV�
V\QWKHVL]HG�IURP���ȝJ�RI�WRWDO�51$�ZLWK�0X/9�UHYHUVH�
transcriptase kit (Applied Biosystems, Foster City, CA, 
USA). Semi-quantitative Reverse-Transcribed (RT)-PCR 
was carried out by using Hot-Master Taq polymerase 
�(SSHQGRUI��0LODQ��,WDO\��ZLWK���ȝO�F'1$�UHDFWLRQ�DQG�
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JHQHV�VSHFL¿F�ROLJRQXFOHRWLGHV�XQGHU�FRQGLWLRQV�RI�OLQHDU�
DPSOL¿FDWLRQ��3&5�SURGXFWV�ZHUH�UXQ�RQ����DJDURVH�JHOV�
and visualized with ethidium bromide. The housekeeping 
��6�JHQH��XVHG�DV�LQWHUQDO�VWDQGDUG��ZDV�DPSOL¿HG�IURP�
WKH�VDPH�F'1$�UHDFWLRQ�PL[WXUH�

Western blotting and immunoprecipitation

Total cell extracts were prepared by incubation 
in lysisbuffer (50 mM Tris-HCl, pH 7.5, 150 mM 
1D&O�� �� P0� ('7$�� S+� ����� ���� P0� .&O��� P0�
GLWKLRWKUHLWRO�� ���1RQLGHW� 3����� DQG� D�PL[� RI� SURWHDVH�
DQG� SKRVSKDWDVHLQKLELWRUV� �5RFKH�� ,QGLDQDSROLV�� ,1��
USA) on ice for 30 min. Cells were spun at 15000 × g 
for 20 min to remove debris and collect the supernatant. 
Protein concentration was then determined using BCA 
Protein Assay kit (BioRad, Hercules, CA, USA). Samples 
were denatured in SDS sample buffer. Total cell extracts 
���±��� ȝJ� SURWHLQ�ODQH�� ZHUH� UHVROYHG� E\� �±���� 6'6�
polyacrylamide gel electrophoresis and transferred to 
SRO\YLQ\OLGHQH� GLÀXRULGH� �39')�� PHPEUDQHV� �0HUFN�
0LOOLSRUH��%LOOHULFD��0$��86$���8QVSHFL¿F�ELQGLQJ�VLWHV�
were blocked by incubating membranes for 1 h in 0.05% 
Tween-20 (v/v in TBS) supplemented with 5% non-
IDW� SRZGHUHG� PLON� RU� ERYLQH� VHUXP� DOEXPLQ� �6,*0$�
Aldrich), followed by overnight incubation with the 
IROORZLQJ�SULPDU\�DQWLERGLHV��UDEELW�SRO\FORQDO�DQWL�+,3.��
�$EFDP��&DPEULGJH��8.���PRXVH�PRQRFORQDO� DQWL�*)3�
�5RFKH��� UDEELW� SRO\FORQDO� DQWL�*/87��� �+������ UDEELW�
polyclonal phospho-Ser46 (Santa Cruz Biotechnology), 
DQG� UDEELW�SRO\FORQDO�DQWL�33�$�&Į��1����� �6DQWD�&UX]�
Biotechnology). Primary antibodies were detected with 
DSSURSULDWH�DQWL�LPPXQRJOREXOLQ�*�KRUVHUDGLVK�SHUR[LGDVH�
secondary antibodies (BioRad). Enzymatic signals were 
visualized using chemiluminescence (ECL Detection 
V\VWHP��$PHUVKDP�*(�+HDOWKFDUH��0LODQ��,WDO\���DFFRUGLQJ�
WR� WKH�PDQXIDFWXUHU¶V� SURWRFRO�� (TXDO� ODQH� ORDGLQJ� ZDV�
PRQLWRUHG�E\�SURELQJ�PHPEUDQHV�ZLWK�DQWLERGLHV�VSHFL¿F�
IRU�PRXVH�PRQRFORQDO�ȕ�DFWLQ� �&DOELRFKHP��6DQ�'LHJR��
CA, USA). Densitometry was performed with ImageJ 
VRIWZDUH�DQG�UHODWLYH�EDQG�LQWHQVLW\�QRUPDOL]HG�WR�ȕ�DFWLQ�
DQG�TXDQWL¿HG�ZLWK�UHVSHFW�WR�FRQWUROV�VHW�WR�����

siRNA interference

&HOOV� ZHUH� SODWHG� DW� VHPLFRQÀXHQFH� LQ� ���PP�
3HWUL�GLVKHV�DQG��WKH�GD\�DIWHU��WUDQVIHFWHG�ZLWK�VL51$�
FRQWURO� �VL�FWU��� VL�33�$�&Į� RU� VL�6LDK�� �6DQWD� &UX]�
%LRWHFKQRORJ\��IROORZLQJ�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��
PP2A silencing was evaluated 48 h after transfection 
by western immunoblotting while Siah2 silencing was 
evaluated 48 h after transfection by RT-PCR analysis.

Statistical analysis

(DFK�H[SHULPHQW��XQOHVV�GLIIHUHQWO\�VSHFL¿HG��ZDV�
performed at least three times. Results are reported as 

PHDQV���VWDQGDUG�GHYLDWLRQ��6�'����6WDWLVWLFDO�VLJQL¿FDQFH�
ZDV� GHWHUPLQHG� XVLQJ� 6WXGHQW¶V� W�WHVWV� IRU� WZR� VDPSOH�
FRPSDULVRQV� DQG� RQH�ZD\� $129$� DQDO\VLV� IRU� WKUHH�
RU�PRUH� VDPSOH�FRPSDULVRQV��$�YDOXH�RI�S��������ZDV�
FRQVLGHUHG�VWDWLVWLFDOO\�VLJQL¿FDQW�
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