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ABSTRACT
5HFHQW�¿QGLQJV�UHYHDOHG�LQ�FDQFHU�FHOOV�QRYHO�VWUHVV�UHVSRQVH�SDWKZD\V��ZKLFK�

in response to many chemotherapeutic drugs causing nucleolar stress, will function 
independently from tumor protein p53 (p53) and still lead to cell cycle arrest and/
RU�DSRSWRVLV��6LQFH�LW�LV�NQRZQ�WKDW�PRVW�FDQFHUV�ODFN�IXQFWLRQDO�S����LW�LV�RI�JUHDW�
interest to explore these emerging molecular mechanisms. Here, we demonstrate 
WKDW�QXFOHRODU�VWUHVV�LQGXFHG�E\���ÀXRURXUDFLO����)8��LQ�FRORQ�FDQFHU�FHOOV�GHYRLG�
of p53 leads to the activation of ribosomal protein L3 (rpL3) as proapoptotic factor. 
US/���DV�ULERVRPH�IUHH�IRUP��LV�D�QHJDWLYH�UHJXODWRU�RI�F\VWDWKLRQLQH�ǃ�V\QWKDVH�
(CBS) expression at transcriptional level through a molecular mechanism involving 
Sp1. The rpL3-CBS association affects CBS stability and, in addition, can trigger CBS 
translocation into mitochondria. Consequently apoptosis will be induced through the 
mitochondrial apoptotic cell death pathway characterized by an increased ratio of Bax 
to Bcl-2, cytochrome c release and subsequent caspase activation. It is noteworthy 
that silencing of CBS is associated to a strong increase of 5-FU-mediated inhibition of 
cell migration and proliferation. These data reveal a novel mechanism to accomplish 
p53-independent apoptosis and suggest a potential therapeutic approach aimed at 
XSUHJXODWLQJ�US/��IRU�WUHDWLQJ�FDQFHUV�ODFNLQJ�S���

INTRODUCTION

Colorectal cancer represents the third most 
frequently diagnosed malignancy in the world [1]. 
Despite recent advances in chemotherapy, currently used 
anticancer molecules are unable to improve the prognosis 
of advanced or recurrent colon cancer, which remains 
incurable. The anti-metabolite agent 5-FU is a widely 
used chemotherapeutic drug for the treatment of a variety 
RI�VROLG�WXPRUV�>�@�DQG�LW�UHPDLQV�WKH�VWDQGDUG�¿UVW�OLQH�
drug for the treatment of colon cancer [3]. Recently, 
some evidences indicate that 5-FU is able to induce 
ribosomal stress and disruption of the nucleolus with 
the consequent release of some ribosomal proteins that, 
exerting extra-ribosomal functions [4], in turn activate 
p53 and its target p21. It is known that most cancer cells 
contain mutant p53 or null p53 [5]. p53 mutations have 
been described in 70% of colon cancer [6]. Several studies 
have demonstrated that the loss of p53 function reduced 
cellular sensitivity to 5-FU [2]; however, the molecular 
mechanism by which this occurs is still a matter of 

debate [7]. Therefore, a better understanding of the p53 
independent molecular mechanisms of 5-FU effects on 
cancer cells could contribute to improve the therapy of 
colon cancer. Recently, we have demonstrated that human 
rpL3 is able to activate the transcription of p21 in a p53-
independet manner [8]. In addition, we have demonstrated 
that rpL3 acts as a stress sensing molecule essential for 
cell response to 5-FU treatment in colon cancer cells 
lacking active p53. In particular, our results indicated 
that rpL3 overexpression is able to improve the cytotoxic 
effects of 5-FU, which acts as DNA damage agent 
inducing apoptosis. Conversely, the loss of rpL3 makes 
chemotherapeutic effects of this drug ineffective [9,10].

Clinical and epidemiological studies have evaluated 
WKH�UHODWLRQVKLS�EHWZHHQ�K\GURJHQ�VXO¿GH��+2S) and colon 
cancer demonstrating that, in cancer cells a molecular switch 
FRPSULVHG�RI�+2S and Nicotinamide phosphoribosyltransferase 
�1DPSW��LV�UHVSRQVLEOH�IRU�PRGL¿FDWLRQV�RI�SKHQRW\SH��RI�JHQH�
expression pattern and dedifferentiation [11, 12].

+2S intracellular biosynthesis is enzymatically 
regulated. It is generated from L-cysteine by two pyridoxal-
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�ƍ�SKRVSDWH±GHSHQGHQW� �3/3�� HQ]\PHV�� F\VWDWKLRQLQH�
ȕ�V\QWKDVH� �&%6�� DQG� F\VWDWKLRQLQH�Ȗ�O\DVH� �&6(��� DQG�
LQ� 3/3� LQGHSHQGHQW� PDQQHU� E\� WKH� FRPELQHG� DFWLRQ�
of cysteine aminotransferase and 3-mercaptopyruvate 
VXOIXUWUDQVIHUDVH����067��>��@�

,W� KDV� EHHQ� UHFHQWO\� GHPRQVWUDWHG� WKDW� &%6� LV�
abundantly expressed in human colon cancer cell lines 
and in human colon cancer tissue specimens, resulting 
LQ�LQFUHDVHG�+26�SURGXFWLRQ�>��@��&%6�DFWLYLW\�LV�WLJKWO\�
regulated at the transcriptional level [15]. Among the 
transcription factors, Sp1 represents a key regulator 
LQYROYHG�LQ�WKH�FRQWURO�RI�&%6�WUDQVFULSWLRQ�>��@��:H�KDYH�
previously demonstrated that free rpL3 associates to Sp1 
modulating the transcriptional factor activity [8].

Given these observations, in the attempt to 
characterize the molecular mechanism underlying rpL3-
mediated cell response to 5-FU chemotherapy in colon 
cancer, we have investigated the existence of a regulatory 
PHFKDQLVP�RI�&%6�H[SUHVVLRQ�PHGLDWHG�E\�US/���+HUH�
ZH� SURYLGH� IRU� WKH� ¿UVW� WLPH� HYLGHQFHV� VXSSRUWLQJ� WKH�
existence of a new extraribosomal function of rpL3, that 
is its regulatory role on the expression of the cytosolic 
HQ]\PH�&%6��,Q�SDUWLFXODU�ZH�GHPRQVWUDWH�WKDW�LQ�SUHVHQFH�
of 5-FU induced nucleolar stress, ribosome free rpL3 is 
DEOH�WR��L��GRZQUHJXODWH�6S��PHGLDWHG�&%6�WUDQVFULSWLRQ��
LL��WULJJHU�PLWRFKRQGULDO�WUDQVORFDWLRQ�RI�&%6��LLL��PRGLI\�
&%6�SURWHLQ�VWDELOLW\��LY��LQGXFH�PLWRFKRQGULDO�DSRSWRVLV�
PHGLDWLQJ�WKH�LQFUHDVH�RI�%D[�%FO���UDWLR��F\WRFKURPH�F�
release and caspase activation.

RESULTS

Role of rpL3 in the CBS/H2S axis in colon cancer 
cells

In order to identify the rpL3 molecular targets that 
mediate its pro-apoptotic function upon drug-induced 
QXFOHRODU�VWUHVV�>�±��@��ZH�EHFDPH�LQWHUHVWHG�WR�DVVHVV�WKH�
LQWUDFHOOXODU�OHYHOV�RI�&%6�DIWHU���)8�WUHDWPHQW�LQ�KXPDQ�
FRORQ�FDQFHU�FHOOV�GHYRLG�RI�S����7R�WKLV�DLP��+&7����p53-

��� FHOOV� DQG� US/�ǻ+&7� ���S����� cells, a cell line stably 
GHSOHWHG�RI�US/���ZHUH�WUHDWHG�ZLWK�����ȝ0���)8�IRU����
h. After the treatment, the cells were lysated and protein 
extracts were analyzed by western blotting.

7KH�)LJXUH��$�VKRZV�WKDW�LQ�+&7����S����� cells 5-FU 
treatment caused the up-regulation of rpL3 expression 
levels, as previously demonstrated [9], coupled to the 
GRZQ�UHJXODWLRQ� RI� &%6� SURWHLQ� OHYHOV�� 7KH� REVHUYHG�
&%6�GHFUHDVH�ZDV�DVVRFLDWHG�WR�D�VLJQL¿FDQW�UHGXFWLRQ�RI�
+26�ELRV\QWKHVLV��)LJXUH��%���2I�QRWH��DOWHUDWLRQV�RI�&%6�
protein amounts were also observed upon 5-FU treatment 
in condition of rpL3 depletion. In fact, densitometric 
analysis of western blots revealed that the loss of rpL3 was 
DVVRFLDWHG�WR�D�VLJQL¿FDQW�LQFUHDVH�RI�&%6�H[SUHVVLRQ�OHYHOV�
ZLWK�FRPSDUDEOH�KLJKHU�SURGXFWLRQ�RI�+26��)LJXUH��$�%��

These results indicate that the effect of 5-FU on 
&%6�H[SUHVVLRQ�RFFXUV�WKURXJK�D�PROHFXODU�PHFKDQLVP�
VSHFL¿FDOO\�PHGLDWHG�E\�US/��

rpL3 regulates CBS expression at transcriptional 
level

:H� KDYH� UHFHQWO\� GHPRQVWUDWHG� WKDW�� DIWHU� GUXJ�
induced nucleolar stress, the ribosome-free rpL3 was 
DEOH�WR�DFW�DV�WUDQVFULSWLRQDO�IDFWRU�>�±��@��&RQVHTXHQWO\�
we became interested to determine whether the rpL3-
PHGLDWHG�UHJXODWLRQ�RI�&%6�SURWHLQ�OHYHOV�ZDV�FRQVHTXHQW�
WR�WKH�US/��FRQWURO�RQ�WKH�DFWLYLW\�RI�&%6�SURPRWHU��7R�
WKLV�DLP��WRWDO�51$�IURP�XQWUHDWHG�DQG���)8�WUHDWHG�+&7�
116S������ DQG� US/�ǻ+&7� ���S����� cells was isolated and 
&%6�P51$�OHYHOV�ZHUH�TXDQWL¿HG�E\�XVLQJ�57�T3&5��
:H�IRXQG�D�GHFUHDVH��DERXW������LQ�&%6�P51$�OHYHOV�
XSRQ���)8�WUHDWPHQW�LQ�+&7����S������FHOOV��)LJXUH��$���
2I�QRWH��WKH�US/��ORVV�DQG���)8�WUHDWPHQW�FRRSHUDWH�WR�
SURGXFH�D�VWURQJ�LQFUHDVH�RI�&%6�P51$�DPRXQWV��7KHVH�
UHVXOWV�VXJJHVW�D�UROH�RI�US/��DV�UHJXODWRU\�IDFWRU�RI�&%6�
WUDQVFULSWLRQ�� 7KH� H[SUHVVLRQ� RI� &%6� JHQH� LV� PDLQO\�
regulated, at transcriptional level, by Sp1 [16] and we have 
previously demonstrated that rpL3 interacts with Sp1 [8]. 
,Q�RUGHU�WR�YHULI\�LI�D�VSHFL¿F�LQWHUDFWLRQ�EHWZHHQ�WKHVH�
two proteins also occurred upon 5-FU induced nucleolar 
VWUHVV��+&7����S����� cells untreated or treated with 100 
ȝ0���)8�IRU����K��ZHUH�FROOHFWHG�DQG�SURWHLQ�H[WUDFWV�
subjected to immunoprecipitation experiments by using 
anti-Sp1 and anti-IgG as control. Immunoprecipitated 
SURWHLQV�ZHUH�VHSDUDWHG�E\�6'6�3$*(�DQG�WKH�SUHVHQFH�RI�
Sp1 and rpL3 was investigated in the immunoprecipitated 
FRPSOH[HV�E\�ZHVWHUQ�EORWWLQJ��7KH�)LJXUH��%�VKRZV�WKDW�
in untreated cells rpL3 interacted with Sp1 as previously 
GHPRQVWUDWHG�>�@��$�VSHFL¿F�ELQGLQJ�RI�US/��ZLWK�6S��ZDV�
also observed after 5-FU treatment.

To gain insights into the mechanism by which rpL3 
ZDV�DVVRFLDWHG�WR�UHGXFWLRQ�RI�&%6�P51$�OHYHOV�DQG�LQ�
order to understand whether rpL3-Sp1 interaction played 
D� UROH� LQ� &%6� WUDQVFULSWLRQ�� ZH� VWXGLHG� WKH� HIIHFWV� RI�
alterations in rpL3 intracellular levels on Sp1 binding to 
WKH�&%6�SURPRWHU�E\�SHUIRUPLQJ�&K,3�H[SHULPHQWV��:H�
VSHFL¿FDOO\�LPPXQRSUHFLSLWDWHG�6S��IURP�+&7����S����� and 
US/�ǻ+&7����S������FHOOV�WUHDWHG�ZLWK�����ȝ0���)8�IRU����K��
5HVXOWV�IURP�T3&5�DVVD\V�RQ�WKH�VDPSOHV�LQGLFDWHG�WKDW�LQ�
XQWUHDWHG�FHOOV��WKH�WUDQVFULSWLRQDO�DFWLYDWRU�6S��ELQGV�&%6�
SURPRWHU��)LJXUH��&���DV�SUHYLRXVO\�GHPRQVWUDWHG�>��@��,Q�
��)8�WUHDWHG�FHOOV��WKH�ELQGLQJ�RI�6S��RQ�&%6�SURPRWHU�
ZDV�VLJQL¿FDQWO\�GHFUHDVHG�FRPSDUHG�WR�WKDW�REVHUYHG�LQ�
WKH�FRQWURO��)LJXUH��&���1RWHZRUWK\��LQ�US/��GHSOHWHG�FHOOV�
either 5-FU treated or untreated, the interaction of Sp1 
ZLWK�&%6�SURPRWHU�ZDV�VWURQJO\� LQFUHDVHG�� LQGLFDWLQJ�D�
reorganization of the protein complexes on the promoter. 
7KHVH� GDWD� LPSO\� WKDW� WKH� LQWHUDFWLRQ� RI� 6S��ZLWK�&%6�
promoter is affected by rpL3 status.
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Figure 1: 5-FU induced rpL3 down-regulates CBS expression levels and H2S production. A.�:HVWHUQ�EORWWLQJ�RI�US/��DQG�
&%6�SURWHLQ�H[SUHVVLRQ��+&7����S������DQG�US/�ǻ�+&7����S������FHOOV�ZHUH�WUHDWHG�RU�QRW�ZLWK�����ȝ0���)8�IRU����K��3URWHLQ�H[WUDFWV�IURP�
WKH�VDPSOHV�ZHUH�DQDO\]HG�E\�ZHVWHUQ�EORWWLQJ�ZLWK�DQWLERGLHV�DJDLQVW�US/��DQG�&%6��ȕ�DFWLQ�ZDV�XVHG�DV�ORDGLQJ�FRQWURO��4XDQWL¿FDWLRQ�RI�
VLJQDOV�LV�VKRZQ��
3��������YV��XQWUHDWHG�+&7����S����� cells. B.�3URGXFWLRQ�RI�+26�IURP�WKH�VDPH�VDPSOHV��

3��������
3��������YV��XQWUHDWHG�
+&7����S������FHOOV��5HVXOWV�LOOXVWUDWHG�LQ�)LJXUH��±��DUH�UHSUHVHQWDWLYH�RI�WKUHH�LQGHSHQGHQWO\�SHUIRUPHG�H[SHULPHQWV�
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Figure 2: Upon 5-FU treatment, the interaction of rpL3 with Sp1 impairs its binding to CBS promoter and leads to a 
decrease of CBS mRNA levels. A.�7RWDO�51$�IURP�+&7����S������FHOOV�XQWUHDWHG�RU�WUHDWHG�ZLWK�����ȝ0���)8�IRU����K�ZDV�VXEMHFWHG�WR�
T3&5�ZLWK�SULPHUV�VSHFL¿F�IRU�&%6�P51$��4XDQWL¿FDWLRQ�RI�VLJQDOV�LV�VKRZQ��

3��������
3��������YV��XQWUHDWHG�+&7����S����� cells. B. 
$QDO\VLV�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�US/��DQG�6S���3URWHLQ�VDPSOHV�RI�6S��RU�,J*�LPPXQRFRPSOH[HV�IURP�+&7����S����� cells untreated or 
WUHDWHG�ZLWK�����ȝ0���)8�IRU����K�ZHUH�DQDO\]HG�E\�ZHVWHUQ�EORWWLQJ�ZLWK�DQWLERGLHV�DJDLQVW�6S��DQG�US/���1RWH�WKH�DEVHQFH�RI�VLJQDO�LQ�
IgG immunocomplex. C.�$QDO\VLV�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�6S��DQG�&%6�JHQH�SURPRWHU��'1$�6S��RU�'1$�,J*�LPPXQRFRPSOH[HV�IURP�
+&7����S������DQG�US/�ǻ+&7����S������FHOOV��XQWUHDWHG�RU�WUHDWHG�ZLWK�����ȝ0���)8�IRU����K��ZHUH�DQDO\]HG�E\�T3&5�ZLWK�SULPHUV�VSHFL¿F�
IRU�&%6�JHQH�SURPRWHU��4XDQWL¿FDWLRQ�RI�WKH�VLJQDOV�LV�VKRZQ��

3��������
3��������YV��XQWUHDWHG�+&7����S�����cells.



Oncotarget50337www.impactjournals.com/oncotarget

rpL3 binds CBS in vivo and controls CBS 
stability

:H�QH[W�LQYHVWLJDWHG�WKH�SRVVLELOLW\�WKDW�US/��DQG�
&%6� FRXOG� DVVRFLDWH� in vivo��7R� WKLV� DLP��+&7����p53-

���FHOOV�ZHUH�WUHDWHG�ZLWK�����ȝ0���)8�IRU����K��7KHQ��
US/��DQG�&%6�ZHUH�VSHFL¿FDOO\�LPPXQRSUHFLSLWDWHG�IURP�
cell extracts by using antibodies against the endogenous 
proteins. Immunoprecipitated proteins were separated 
E\� 6'6�3$*(� DQG� DQDO\]HG� E\� ZHVWHUQ� EORWWLQJ� ZLWK�
DQWL�US/���DQWL�&%6�DQG�DV�FRQWUROV�DQWL�US/�D�DQG�DQWL�
rpS19 two arbitrary proteins of large and small subunit, 
respectively. The results of these experiments showed 
WKDW� US/�� DQG� &%6� ZHUH� FR�LPPXQRSUHFLSLWDWHG� WKXV�
indicating that they can associate in vivo, notably this 
interaction was strongly enhanced after 5-FU treatment 
�)LJXUH��$��

Furthermore, the absence of signal for rpL7a and 
rpS19 in both immunoprecipitates indicated that the free 
rpL3, not associated into ribosome, is able to interacts with 
&%6��$�FRQWURO�LPPXQRSUHFLSLWDWH�REWDLQHG�ZLWK�DQWL�,J*�
antibodies did not give any signal when probed with the 
same antibody.

To verify whether the interaction of rpL3 and 
&%6� DIIHFWHG� &%6� WXUQRYHU� DQG�� LQ� SDUWLFXODU�� WR�
GHWHUPLQH�ZKHWKHU�US/��ZDV�HVVHQWLDO�WR�PDLQWDLQ�&%6�
LQWUDFHOOXODU�DEXQGDQFH��ZH�H[DPLQHG�WKH�OHYHO�RI�&%6�
LQ�+&7� ���S������ DQG� US/�ǻ�+&7� ���S����� cells. To this 
aim, cells were incubated with cycloheximide for various 
WLPHV�����������������K���$IWHU�WKH�LQFXEDWLRQ��FHOOV�ZHUH�
KDUYHVWHG��O\VDWHG�DQG�WKH�OHYHO�RI�&%6�ZDV�GHWHUPLQHG�
by western blot analysis. The results illustrated in Figure 
�%�GHPRQVWUDWH�WKDW�WKH�KDOI�OLIH�RI�&%6�ZDV�JUHDWHU�LQ�
cells upon rpL3 silencing. All together these data indicate 
WKDW�US/��SK\VLFDOO\�LQWHUDFWV�ZLWK�&%6�DQG�LQGXFHV�LWV�
degradation.

Role of rpL3 in mitochondrial apoptosis upon 
5-FU treatment

The induction of apoptosis is a standard strategy 
used in anticancer therapy [18]. Recently, we have 
shown a proapoptotic function of rpL3 [9], and other 
authors have demonstrated that the downregulation of 
&%6� WULJJHUV� PLWRFKRQGULDO� DSRSWRVLV� >��@�� ,Q� RUGHU�
to investigate the factors leading to the rpL3-induced 
DSRSWRVLV� LQ� +&7� ���S����� cells upon 5-FU treatment, 
we primarily determined the effect of 5-FU-induced free 
rpL3 on activities of apoptosis-related proteins of the 
mitochondria-mediated pathway. This pathway contains 
several members, including the anti-apoptotic protein, 
%FO���DQG�WKH�DSRSWRVLV�SURPRWLQJ�SURWHLQ��%D[��7KH�UDWLR�
%FO���%D[�LV�XVHG�WR�HYDOXDWH�WKH�RFFXUUHQFH�DQG�VHYHULW\�
RI�DSRSWRVLV�>��@��7R�WKLV�DLP��+&7����S������DQG�US/�ǻ�
+&7����S������ FHOOV�ZHUH� WUHDWHG�ZLWK���)8�����ȝ0�IRU�
24 h. Then, cells were lysated and protein extracts were 

DQDO\VHG�E\�ZHVWHUQ�EORWWLQJ�IRU�WKH�H[SUHVVLRQ�SUR¿OH�RI�
SURFDVSDVH����%FO���DQG�%D[�

7KH� )LJXUH� �� VKRZV� D�PDUNHG� GHFUHDVH� RI�%FO���
OHYHOV�DVVRFLDWHG�WR�DQ�LQFUHDVH�RI�%D[�DPRXQWV�LQ�+&7�
116S����� cells treated with 5-FU as compared to untreated 
cells. These data are in good correlation with the apoptosis 
LQGXFHG�LQ�+&7����S������FHOOV�E\���)8��2I�LQWHUHVW��WKHVH�
HIIHFWV�ZHUH�QRW�REHVHUYHG�ZKHQ�ZH�WUHDWHG�US/�ǻ+&7�
116S����� cells with 5-FU.

Caspase apoptosis proteins are activated when the 
UDWLR�%FO���%D[� LV� UHGXFHG� >��@�� WKHUHIRUH�ZH�DQDO\]HG�
the expression of caspase-3 which is a key regulator in 
the caspase-dependent cell apoptosis pathway [20, 21]. 
Consistent with the higher apoptotic ability of the treated 
cells, the presence of the active caspase-3 form, which is 
proteolytically generated during apoptosis, was observed. 
7KHVH� ¿QGLQJV� DGG� VWUHQJWK� WR� WKH� K\SRWKHVLV� WKDW� WKH�
involvement of a caspase-dependent pathway through a 
caspase-3-triggered mitochondrial pathway may lead to 
rpL3-mediated apoptosis.

rpL3 triggers CBS translocation to mitochondria 
upon 5-FU treatment

,Q�RUGHU�WR�LQYHVWLJDWH�WKH�VRUWLQJ�RI�US/��WR�VSHFL¿F�
subcellular regions in condition of 5-FU-induced nucleolar 
stress, we used a subcellular fractionation procedure. 
8VLQJ� ELRFKHPLFDO� WHFKQLTXHV�� ZH� LVRODWHG� IURP� +&7�
116S����� cells two distinct fractions corresponding to the 
F\WRVROLF� IUDFWLRQ� �&)�� DQG� WKH� PLWRFKRQGULDO� IUDFWLRQ�
�0)��� 7KHVH� WZR� IUDFWLRQV� ZHUH� DVVD\HG� IRU� ODFWDWH�
GHK\GURJHQDVH� �/'+��� D�PDUNHU� FRPSRQHQW� RI� WKH�&)�
>��@��DQG�$73DVH�DV�FRQWURO�RI�WKH�0)��6LQFH�/'+�ZDV�
UHFRYHUHG� H[FOXVLYHO\� LQ� WKH� F\WRVROLF� IUDFWLRQ� �)LJXUH�
5A), the mitochondrial fraction appeared to be free of 
soluble fraction contaminants. As expected, the signal of 
$73DVH�RFFXUUHG�SUHGRPLQDQWO\�LQ�WKH�0)��)LJXUH��$��

,Q� XQWUHDWHG� FHOOV�� US/�� ZDV� VLJQL¿FDQWO\� PRUH�
DEXQGDQW� LQ� WKH�&)�EXW� LW�ZDV�DOVR�GHWHFWHG�LQ� WKH�0)��
6SHFL¿FDOO\��WKH�TXDQWLWDWLYH�DQDO\VLV�UHYHDOHG�WKDW�DERXW�
75% of rpL3 was associated with the CF fraction and 
����LQ�0)��)LJXUH��$���2I�QRWH��LQ���)8�WUHDWHG�FHOOV��
the association of rpL3 to the mitochondria was more 
pronounced compared to that observed in untreated cells 
����� YV� ������$QDO\VLV� RI� VXEFHOOXODU� GLVWULEXWLRQ� RI�
rpL7a and S19, two arbitrary proteins of large and small 
VXEXQLW�UHVSHFWLYHO\��EHWZHHQ�&)�DQG�0)�RI���)8�WUHDWHG�
cells by western blotting shows that rpL7a and S19 are 
QRW�SUHVHQW�LQ�WKH�0)��LQGLFDWLQJ�WKDW�WKH�US/��ORFDOL]HV�
into the mithocondrion as form not associated to ribosome 
�6XSSOHPHQWDU\�)LJXUH�6���

7KH�DQDO\VLV�RI�WKH�GLVWULEXWLRQ�RI�&%6�LQ�WKH�&)�
YHUVXV�WKH�0)�UHYHDOHG�WKDW�LQ�XQWUHDWHG�FHOOV��&%6�ZDV�
H[FOXVLYHO\�GHWHFWHG�LQ�WKH�&)��)LJXUH��$���7KH�LQGXFWLRQ�
of nucleolar stress mediated by the treatment of cells with 
��)8�DIIHFWHG�WKH�GLVWULEXWLRQ�RI�&%6�LQ�WKH�GLVWLQFW�SRROV��
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Figure 3: rpL3 interacts with CBS and negatively affects its half-life. A. In vivo� ELQGLQJ�RI� US/��DQG�&%6�� US/��RU�&%6�
ZHUH� VSHFL¿FDOO\� LPPXQRSUHFLSLWDWHG� IURP� FHOO� H[WUDFWV� ZLWK� DQWLERGLHV� DJDLQVW� WKH� HQGRJHQRXV� US/�� DQG� &%6�� ,PPXQRSUHFLSLWDWHV�
ZHUH� VHSDUDWHG� E\� 6'6±3$*(� DQG� LPPXQREORWWHG�ZLWK� DQWLERGLHV� YHUVXV� WKH� LQGLFDWHG� SURWHLQV�� 1RWH� WKH� DEVHQFH� RI� VLJQDO� LQ� ,J*�
immunocomplex. B.�+&7����S������DQG�US/�ǻ+&7����S������FHOOV�ZHUH�WUHDWHG�ZLWK�&+;�IRU�������������DQG���K��$IWHU�WKH�WUHDWPHQW��FHOO�
O\VDWHV�ZHUH�SUHSDUHG�DQG�LPPXQREORWWHG�ZLWK�DQWL�&%6��ȕ�DFWLQ�ZDV�XVHG�DV�FRQWURO��4XDQWL¿FDWLRQ�RI�WKH�VLJQDOV�LV�VKRZQ��
3��������YV��
XQWUHDWHG�+&7����S�����cells; ##3��������YV��+&7����S������FHOOV�WUHDWHG�ZLWK�&+;�IRU��K�
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4XDQWL¿FDWLRQ�RI� WKH�VLJQDO�IRU�&%6�VKRZHG�WKDW��DIWHU�
5-FU treatment, about 16% of the signal occurred in the 
0)��)LJXUH��$���7KHVH�¿QGLQJV�FOHDUO\�LQGLFDWH�D�VSHFL¿F�
DVVRFLDWLRQ�RI�US/��DQG�&%6�ZLWK�WKH�PLWRFKRQGULD�GXULQJ�
drug-induced nucleolar stress.

1H[W�� LQ�RUGHU�WR�YHULI\�ZKHWKHU�WKH�VKLIW�RI�&%6�
IURP�WKH�&)�WR�WKH�0)�ZDV�PHGLDWHG�E\�US/���WKH�&%6�
PLWRFKRQGULDO�FRQWHQW�ZDV�HYDOXDWHG�DOVR�LQ�US/�ǻ+&7�
116S������ FHOOV��:HVWHUQ� EORWWLQJ� DQDO\VLV� RI� ELRFKHPLFDO�
fractions from these cells after 5-FU treatment showed 

Figure 4: rpL3 activates mitochondrial apoptosis upon 5-FU treatment.�5HSUHVHQWDWLYH�ZHVWHUQ�EORWWLQJ�RI�SURFDVSDVH����%FO����%D[�
DQG�DFWLYH�FOHYHDG�FDVSDVH���SURWHLQ�H[SUHVVLRQ��+&7����S������DQG�US/�ǻ+&7����S������FHOOV�ZHUH�WUHDWHG�RU�QRW�ZLWK�����ȝ0���)8�IRU����K��$IWHU�
WKH�WUHDWPHQW��SURWHLQ�H[WUDFWV�IURP�WKH�VDPSOHV�ZHUH�DQDO\]HG�E\�ZHVWHUQ�EORWWLQJ�ZLWK�WKH�LQGLFDWHG�DQWLERGLHV��ȕ�DFWLQ�ZDV�XVHG�DV�FRQWURO��
4XDQWL¿FDWLRQ�RI�WKH�VLJQDOV�LV�VKRZQ��

3��������YV��%FO���LQ�XQWUHDWHG�+&7����S����� cells; #�3��������YV��%D[�LQ�XQWUHDWHG�+&7����S�����cells.
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Figure 5: 5-FU induced rpL3 triggers CBS mitochondrial translocation. A.�+&7����S����� and B.�US/�ǻ�+&7����S����� cells were 
WUHDWHG�RU�QRW�ZLWK�����ȝ0���)8�IRU����K��$IWHU�WKH�WUHDWPHQW��FHOOV�ZHUH�VXEMHFWHG�WR�IUDFWLRQDWLRQ�WR�REWDLQ�WKH�F\WRVROLF�IUDFWLRQ��&)��
DQG�WKH�PLWRFKRQGULDO�IUDFWLRQ��0)���3URWHLQ�H[WUDFWV�IURP�WKH�VDPSOHV�ZHUH�DQDO\]HG�E\�ZHVWHUQ�EORWWLQJ�ZLWK�DQWLERGLHV�DJDLQVW�US/��DQG�
&%6��/'+�DQG�$73DVH�ZHUH�XVHG�DV�FRQWUROV�IRU�&)�DQG�0)��UHVSHFWLYHO\��4XDQWL¿FDWLRQ�RI�WKH�VLJQDOV�LV�VKRZQ��

3��������YV��US/��LQ�
XQWUHDWHG�0)����3��������YV��&%6�LQ�XQWUHDWHG�0)�
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WKH�DEVHQFH�RI�WKH�VLJQDO�IRU�&%6�LQ�0)�IUDFWLRQ��)LJXUH�
�%���7KHVH�GDWD�VWURQJO\�LQGLFDWH�WKDW�US/��ZDV�HVVHQWLDO�
LQ�PHGLDWLQJ�WKH�DVVRFLDWLRQ�RI�&%6�WR�PLWRFKRQGULD�LQ�
condition of nucleolar stress.

rpL3 mediates cytochrome c release after 5-FU 
treatment

Release of cytochrome c from the mitochondria 
to the cytosol is a critical step in apoptotic cell death 
[23], thus we became interested to examine cytochrome 
F�UHOHDVH�WR�WKH�F\WRVRO�LQ�+&7����S������DQG�US/�ǻ+&7�
116S������ FHOOV� XSRQ� ��)8� WUHDWPHQW�� 7R� WKLV� DLP�� +&7�
116S������ DQG� US/�ǻ+&7� ���S����� cells were subjected 
WR�ELRFKHPLFDO� IUDFWLRQDWLRQ� WR� LVRODWH� WKH�&)�DQG�0)��
)UDFWLRQDWLRQ�HI¿FLHQF\�ZDV�HYDOXDWHG�E\�XVLQJ�/'+�DQG�
$73DVH�DV�FRQWURO�RI�WKH�&)�DQG�0)��UHVSHFWLYHO\��)LJXUH�
�$�VKRZV�WKDW�LQ�XQWUHDWHG�+&7����S������FHOOV��D�VLJQL¿FDQW�
DPRXQW�RI�F\WRFKURPH�F�ZDV�GHWHFWHG� LQ� WKH�0)�����K�
after 5-FU treatment, a redistribution of cytochrome c 
between the subcellular compartments was observed. In 
IDFW��LQ�WKLV�FRQGLWLRQ�WKH�GHFUHDVH�RI�F\WRFKURPH�F�LQ�0)�
ZDV�DVVRFLDWHG�WR�DQ�LQFUHDVH�RI�LW�LQ�&)��2I�LQWHUHVW��LQ�
US/�ǻ+&7����S����� cells the treatment with 5-FU was not 
associated to cytochrome c redistribution betwen CF and 
0)��)LJXUH��%��

CBS regulates migration and invasion of colon 
cancer cells upon 5-FU treatment

,Q�RUGHU�WR�FRQ¿UP�WKH�UHOHYDQFH�RI�&%6�LQ�WKH�FHOO�
response to 5-FU, we decided to perform gene silencing 
experiments. To this end, we generated a cell line stably 
VLOHQFHG�IRU�&%6�GHULYHG�IURP�+&7����S����� cells namely 
&%6ǻ+&7����S�������LQ�ZKLFK�&%6�SURWHLQ�H[SUHVVLRQ�ZDV�
abrogated using shRNA technology.

Supplementary Figure S2 shows the decrease 
RI� &%6� OHYHOV� LQ� GLIIHUHQW� FORQHV��:H� FKRVHG� WKH� FHOO�
FORQH� H[SUHVVLQJ� WKH� ORZHVW� OHYHO� RI� &%6� IRU� IXUWKHU�
H[SHULPHQWV��:H�H[DPLQHG� WKH�HIIHFW�RI�&%6�VLOHQFLQJ�
in the cell response to 5-FU by a clonogenic assay. To 
WKLV� DLP�� +&7� ���S������ DQG� &%6ǻ+&7� ���S����� cells 
were treated with 5-FU for 24 h. Figure 7A shows that 
LQ�+&7� ���S����� cells, the colony number was reduced 
XSRQ� H[SRVXUH� WR� ��)8� WKXV� FRQ¿UPLQJ� WKH� DELOLW\� RI�
the drug to inhibit clonogenicity. It is noteworthy that in 
&%6ǻ+&7����S����� cells the colony-forming activity upon 
��)8�WUHDWPHQW�ZDV�VLJQL¿FDQWO\�UHGXFHG�FRPSDUHG�WR�WKH�
FRORQ\�IRUPLQJ�DFWLYLW\�RI�XQWUHDWHG�FHOOV� �)LJXUH��$���
7KHVH�UHVXOWV�VXJJHVW�WKDW�WKH�ORVV�RI�&%6�SOD\V�D�FULWLFDO�
role in cell response to 5-FU.

0RUHRYHU�� ZH� LQYHVWLJDWHG� WKH� HIIHFW� RI� &%6�
VLOHQFLQJ�RQ�FHOO�PRWLOLW\�LQ�+&7����S����� cells upon 5-FU 
exposure. Cell migration was determined using wound 
healing assay and quantitatively evaluated in terms 
RI� RFFXSDWLRQ� UDWH� RI� RSHQ� ZRXQG� �VHH� 0DWHULDOV� DQG�

0HWKRGV���$V�LQGLFDWHG�LQ�)LJXUH��%��WKH�ZRXQG�KHDOLQJ�
DELOLW\�RI���)8� WUHDWHG�+&7����S����� cells was reduced 
in time dependent manner compared to that observed 
in untreated cells. Likewise, the quantitative analysis 
VKRZHG�WKDW�WKH�RSHQ�ZRXQG�RI���)8�WUHDWHG�+&7����p53-

�� cells was decreased of about 10% and 50% compared to 
XQWUHDWHG�FHOOV�DIWHU���DQG����K�UHVSHFWLYHO\��:KHQ�&%6�
was depleted, the wound healing ability of 5-FU treated 
+&7����S����� cells was markdely reduced, demonstrating 
WKDW� &%6� GHSOHWLRQ�ZDV� DEOH� WR� IXUKHU� GHFUHDVH� ��)8�
UHGXFHG� FHOO� PRWLOLW\�� ,Q� SDUWLFXODU�� WKH� TXDQWL¿FDWLRQ�
LQGLFDWHG�WKDW�WKH�RSHQ�ZRXQG�RI���)8�WUHDWHG�&%6ǻ+&7�
116S����� cells was decreased of about 10% and 20% after 8 
DQG����K��UHVSHFWLYHO\��)LJXUH��%��

$OO� WRJHWKHU� WKHVH� ¿QGLQJV� LQGLFDWH� WKDW� &%6�
inhibition promoted chemosensitization, decreased 
colony-forming potential in clonogenic assays and cell 
migration.

DISCUSSION

It is known that more than 50% of human cancers 
lack functional p53 [24]. Consequently, drugs triggering 
cell death in p53-null cells may have great potential in the 
treatment of many cancers. 5-FU is a drug able to induce 
nucleolar stress [4]. Recently, we have demonstrated that 
after nucleolar stress induced by 5-FU treatment in colon 
cancer cells lacking active p53, rpL3 is up-regulated and 
accumulated as ribosome free form needed to mediate 
5-FU apoptotic cell response. In fact the loss of rpL3 
PDNHV�FKHPRWKHUDSHXWLF�GUXJ�LQHIIHFWLYH�>�@��0RUHRYHU��
we have demonstrated that overexpression of rpL3 
in cancer cells laking p53 induces cell cycle arrest or 
apoptosis by positively modulating the activity of p21 [8].

7KHVH�¿QGLQJ�VWURQJO\�VXJJHVW�WKDW�WKH�NQRZOHGJH�
of rpL3 status in relation to p53 status in colon cancers 
PD\�KDYH�D�VLJQL¿FDQW�YDOXH�LQ�WHUPV�RI�WKH�HI¿FDF\�RI�
chemotherapy. The focus of the current study was to 
increase the knowledge on the relationship between 
alteration on rpL3 levels induced by nucleolar stress and 
activity of 5-FU for the treatment of the colon cancers 
laking p53; the full understanding of p53-independent 
pathways implicated in colon cancer molecular biology 
may provide new targets for cancer therapy.

The colon is known to synthesize and metabolize 
+26�DQG�WR�EH�H[SRVHG�WR�H[RJHQRXV�+2S as consequence 
of metabolic activity of luminal microbiota [25]. There 
are evidences supporting both the cytoprotective and 
F\WRWR[LF�HIIHFWV�RI�+2S [26]. Recent data demonstrate that 
+2S is implicated in human colorectal cancer development 
[27]. In addition, it has been recently reported a functional 
UHODWLRQ�EHWZHHQ�+2S production and p21 expression in 
colon cancer. In particular, an exogenously administered 
+26�GRQRU��1D+6��LQKLELWHG�VLJQL¿FDQWO\�S���H[SUHVVLRQ�
leading to colon cancer cell proliferation [28]. All these 
¿QGLQJV�SURPSWHG�XV�WR�H[SORUH�WKH�K\SRWKHVLV�RI�D�QHZ�
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US/��GHSHQGHQW�VWUHVV�UHVSRQVH�SDWKZD\�LQYROYLQJ�&%6��
6SHFL¿FDOO\��ZH�ZRQGHUHG�ZKHWKHU�&%6�ZDV�LQYROYHG�LQ�
rpL3-mediated stress pathway upon 5-FU treatment in p53 
QXOO�FRORQ�FDQFHU�+&7����S����� cells. 5-FU treatment of 
+&7����S������FHOOV�FDXVHG�D�UHGXFWLRQ�LQ�&%6�H[SUHVVLRQ�
OHYHOV�DQG�+2S production. Conversely, a marked increase 
RI�&%6�H[SUHVVLRQ�DQG�+2S biosynthesis was observed 
upon rpL3 silencing and 5-FU treatment indicating that 
WKH�DOWHUDWLRQ�LQ�&%6�DQG�+2S levels after drug treatment is 
US/��GHSHQGHQW��)LJXUH�����$FFRUGLQJ�WR�WKLV��WKH�DQDO\VLV�
RI� FHOO� F\FOH� GLVWULEXWLRQ� RI� +&7� ���S����� cells stably 
depleted of rpL3 led us to exclude that observed effects 
DUH�FRQVHTXHQFH�RI�FHOO�F\FOH�DOWHUDWLRQV��6XSSOHPHQWDU\�

Figure S3). In addition, unchanged expression levels of 
other ribosomal proteins in this cell line indicate that 
WKH�REWDLQHG�UHVXOWV�DUH�QRW�GXH� WR�ULERVRPH�GH¿FLHQF\�
�6XSSOHPHQWDU\�)LJXUH�6���

$QDO\VLV� RI� &%6� P51$� OHYHOV� DQG� &K,3�
H[SHULPHQWV�LQ�+&7����S������FHOOV�DQG�US/�ǻ+&7����p53-

�� cells, untreated or treated with 5-FU, imply a negative 
UROH�RI�US/��LQ�&%6�JHQH�WUDQVFULSWLRQ��)LJXUH�����,W� LV�
ZHOO�NQRZQ� WKDW� &%6� SURPRWHU� FRQWDLQV� 6S�� ELQGLQJ�
sites and that Sp1 is essential for its transactivation 
[16]. Interestingly, rpL3 associates with Sp1 and this 
association is necessary for rpL3-mediated p21 promoter 
WUDQVDFWLYDWLRQ� >�@�� +HUH�� ZH� GHPRQVWUDWH� WKDW� US/��

Figure 6: rpL3 translocation upon 5-FU treatment mediates the release of cytochrome c from mitochondria. 
Representative western blotting of cytochrome c protein expression. A.�+&7����S����� and B.� US/�ǻ�+&7����S����� cells were treated or 
QRW�ZLWK�����ȝ0���)8�IRU����K��$IWHU�WKH�WUHDWPHQW��FHOOV�ZHUH�VXEMHFWHG�WR�IUDFWLRQDWLRQ�WR�REWDLQ�WKH�F\WRVROLF�IUDFWLRQ��&)��DQG�WKH�
PLWRFKRQGULDO�IUDFWLRQ��0)���3URWHLQ�H[WUDFWV�IURP�WKH�VDPSOHV�ZHUH�DQDO\]HG�E\�ZHVWHUQ�EORWWLQJ�ZLWK�DQWLERGLHV�DJDLQVW�F\WRFKURPH�F��
/'+�DQG�$73DVH�ZHUH�XVHG�DV�FRQWUROV�IRU�&)�DQG�0)��UHVSHFWLYHO\��4XDQWL¿FDWLRQ�RI�WKH�VLJQDOV�LV�VKRZQ��

3��������YV��F\WRFKURPH�&�
LQ�&)�IURP�XQWUHDWHG�+&7����S������FHOOV���3��������YV��F\WRFKURPH�&�LQ�0)�IURP�XQWUHDWHG�+&7����S������FHOOV�����3��������YV��F\WRFKURPH�
&�LQ�0)�IURP���)8�WUHDWHG�+&7����S����� cells.
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Figure 7: Depletion of CBS decreases cell proliferation and migration. A. Representative images of clonogenic analysis for cell 
SUROLIHUDWLRQ�LQ�+&7����S������DQG�&%6ǻ+&7����S������FHOOV�DIWHU���)8�WUHDWPHQW��

3��������YV��XQWUHDWHG�+&7����S������FHOOV����3��������YV��
XQWUHDWHG�US/�ǻ�+&7����S�����cells. B.�5HSUHVHQWDWLYH�LPDJHV�RI�ZRXQG�KHDOLQJ�DVVD\�IRU�FHOO�SUROLIHUDWLRQ�LQ�+&7����S������DQG�&%6ǻ+&7�
116S������FHOOV�DIWHU���)8�WUHDWPHQW��:RXQG�ZLGWKV�ZHUH�PHDVXUHG�DW������DQG����K�RQ���¿HOGV�SHU�ZHOO�DQG�DYHUDJHG��'DWD�LV�H[SUHVVHG�DV�WKH�
IROG�GHFUHDVH�RI�DUHD�UHVSHFW�WR�FRQWUROV��$��%��&��'��VHW�DV�������

3��������YV�XQWUHDWHG�+&7����S����� cells.
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associates in vivo with Sp1 in condition of 5-FU treatment 
�)LJXUH��%���7KHVH�¿QGLQJV�OHG�XV�WR�K\SRWKHVL]H�WKDW�WKH�
ELQGLQJ�RI�6S��WR�&%6�SURPRWHU�FRXOG�EH�LQÀXHQFHG�E\�
US/�� OHYHOV�� VSHFL¿FDOO\�ZH�SURSRVH� WKDW� US/��EHKDYHV�
DV� D� QHJDWLYH� UHJXODWRU\� IDFWRU� RI� &%6� WUDQVFULSWLRQ�
through its binding to Sp1. The formation of the complex 
rpL3-Sp1 could induce conformational changes in Sp1 
SURPRWLQJ�LWV�UHOHDVH�IURP�WKH�&%6�SURPRWHU��$QDO\VLV�RI�
LPPXQRSUHFLSLWDWH�RI�US/��DQG�&%6�LQ�+&7����S����� cell 
extracts treated or not with 5-FU showed that rpL3 and 
&%6�FRLPPXQRSUHFLSLWDWH�WRJHWKHU�LQGLFDWLQJ�WKDW�WKHVH�
proteins associate in vivo� �)LJXUH��$���7KH� VWDELOLW\�RI�
an enzyme might play an important role in the regulation 
RI�LWV�DFWLYLW\��+HUH�ZH�GHPRQVWUDWHG�WKDW�US/��LV�DEOH�WR�
UHGXFH�&%6� SURWHLQ� VWDELOLW\� �)LJXUH� �%���$OO� WRJHWKHU�
these results demonstrate that ribosome free rpL3 reduces 
&%6�SURWHLQ�OHYHOV�DIWHU���)8�WUHDWPHQW�LQ�FRORQ�FDQFHU�
cells devoid of p53 by acting at both transcriptional and 
post-translational levels.

&%6�SURWHLQ�GRHV�QRW�FRQWDLQ�D�1+2 terminal signal 
WR� GLUHFW� LW� WR� WKH� PLWRFKRQGULD� >��@�� +RZHYHU�� LQ� WKH�
present study we show a 5-FU induced mitochondrial 
&%6� WUDVORFDWLRQ� LQ�+&7����S������ FHOOV� �)LJXUH��$��� ,Q�
WKLV�SURFHVV� US/��SOD\V�D�FUXFLDO� UROH�DV� LQ� US/�ǻ+&7�
116S������ FHOOV� ��)8� WUHDWPHQW� IDLOHG� WR� GLUHFW� &%6� LQWR�
WKH� PLWRFKRQGULD� �)LJXUH� �%��� 3UHYLRXV� VWXGLHV� KDYH�
shown that Lon protease, a major degradation enzyme in 
PLWKRFRQGULD�UHFRJQL]HV�DQG�GHJUDGHV�&%6�HQ]\PH�>��@��
6WDUWLQJ� IURP� WKHVH� ¿QGLQJV�ZH� K\SRWKHVL]H� WKDW� US/��
PHGLDWHG�WUDQVORFDWLRQ�RI�&%6�LQWR�WKH�PLWRFKRQGULRQ�LV�
associated to its degradation via Lon protease.

Cytochrome c is normally located in the 
intermembrane space of the mitochondrion, loosely 
bound to the inner membrane [30]. Although apoptosis 
can occur via cytochrome c-independent mechanisms, 
it is well established that release of cytochrome c into 
the cytosol results in caspase-3 mediated activation 
RI� DSRSWRVLV� >��@�� +HUH� ZH� VKRZ� D� VLJQL¿FDQW� UHOHDVH�
RI� F\WRFKURPH� F� LQ� WKH� F\WRVRO� RI� ��)8� WUHDWHG� +&7�
116S������FHOOV��)LJXUH����FRXSOHG�WR�D�VLJQL¿FDQW�LQFUHDVH�
LQ�DFWLYH�FOHDYHG�FDVSDVH���DQG�D�GHFUHDVH�LQ�WKH�%FO���
%D[�UDWLR��)LJXUH�����$OO�WKHVH�GDWD�DUH�FRQVLVWHQW�ZLWK�DQ�
LQFUHDVH�RI�DSRSWRVLV�LQGXFHG�XSRQ���)8�WUHDWPHQW��0RVW�
QRWDEO\��VLOHQFLQJ�RI�US/��LQ�+&7����S����� cells completely 
abolished these effects. Indeed, in these cells we observed 
D�VLJQL¿FDQW�LQFUHDVH�LQ�%FO���OHYHOV��DQG���)8�WUHDWPHQW�
GLG�QRW�PRGLI\�PLWRFKRQGULDO�%D[�OHYHOV��7KLV�UHVXOWHG�LQ�
DQ�LQFUHDVH�LQ�WKH�%FO���%D[�UDWLR��D�UHVSRQVH�WKDW�ZRXOG�
be protective against apoptosis. Consistent with this, in 
WKH�F\WRVRO�RI���)8�WUHDWHG�US/�ǻ+&7����S����� cells there 
was lack of release of citochrome c. All togheter these 
results indicate that rpL3 is a major player in the apoptotic 
activity of 5-FU.

,Q�RUGHU�WR�IXUWKHU�FKDUDFWHUL]H�WKH�UROH�RI�&%6�LQ�
rpL3-mediated cell response to 5-FU, we stably silenced 
&%6�LQ�+&7����S����� cells.

&%6�LQKLELWLRQ�GLG�QRW�FDXVH�DOWHUDWLRQ�RI�FHOO�F\FOH�
GLVWULEXWLRQ� �6XSSOHPHQWDU\�)LJXUH�6���EXW�VSHFL¿FDOO\�
promoted chemosensitization, in fact we observed a 
decreased colony-forming potential in clonogenic assays 
DQG�LQLELWLRQ�RI�FHOO�PLJUDWLRQ��)LJXUH����

2Q�WKH�EDVLV�RI�WKHVH�UHVXOWV��ZH�SURSRVH�D�ZRUNLQJ�
model in which following 5-FU treatment, ribosome free 
US/�� FRQWUROV� &%6� H[SUHVVLRQ� DW� ERWK� WUDQVFULSWLRQDO�
and post-translational levels. In the nucleus, under 5-FU 
induced nucleolar stress, the ribosome free rpL3 is able 
WR� DFWLYDWH� S��� SURPRWHU� >�±��@� DQG� WR� LQKLELW� &%6�
WUDQVFULSWLRQ��:H�KDYH�SUHYLRXVO\�GHPRQVWUDWHG�WKDW�6S��
is a key component of rpL3-mediated p21 transactivation. 
Therefore it is likely that rpL3 may bind and sequester 
6S��IURP�&%6�SURPRWHU�ZLWK�FRQVHTXHQW�GRZQUHJXODWLRQ�
RI�&%6�H[SUHVVLRQ��$W�WKH�VDPH�WLPH��US/��FRXOG�UHFUXLW�
Sp1 on p21 promoter thereby activating p21 expression 
�)LJXUH����

In the cytoplasm, ribosome free rpL3 associates with 
&%6�WR�VKXWWOH�LW�LQWR�WKH�PLWRFKRQGULD��:H�K\SRWKHV\]H�
WKDW� US/��&%6� LQWHUDFWLRQ� OHDGV� WR� GHVWDELOL]DWLRQ� RI�
PLWRFKRQGULDO�&%6� DQG�� LQ� WXUQ�� WR� D� UHGXFWLRQ� LQ�+2S 
biosynthesis. Several reports indicate an anti-apoptotic 
DFWLRQ� RI� +2S [32]. Along this line, the decrease in 
+2S levels correlates with cytochrome c release from 
PLWRFKRQGULD�� LQFUHDVHG� %D[�%FO�� UDWLR� DQG� FDVSDVH�
DFWLYDWLRQ��)LJXUH����

,Q� VXPPDU\�� ZH� LGHQWL¿HG� IUHH� US/�� DV� D� NH\�
UHJXODWRU�RI�&%6�H[SUHVVLRQ�DFWLQJ�DW�WUDQVFULSWLRQDO�DQG�
post-translational levels. Taking into account the important 
UROH�RI�&%6�GHULYHG�+2S in tumor growth and proliferation 
LW�LV�HYLGHQW�WKDW�D�¿QH�UHJXODWLRQ�RI�&%6�OHYHOV�LV�UHTXLUHG�
to prevent cancer as well as in response to chemotherapy. 
,Q�WKH�OLJKW�RI�RXU�¿QGLQJV��ZH�VXJJHVW�WKDW�WKH�DVVRFLDWLRQ�
of rpL3 mediated trascriptional and post-translational 
UHJXODWLRQ�RI�&%6�OHYHOV�PLJKW�UHSUHVHQW�D�ZD\�WR�¿QH�
tune the amount of this protein to the appropriate levels. 
,Q�RWKHU�ZRUGV��WKLV�¿QH�UHJXODWLRQ�PLJKW�SURYLGH�D�PHDQV�
ZLWK� ZKLFK� WR� ORZHU� WKH� WKUHVKROG� RI� &%6� H[SUHVVLRQ�
below what would otherwise be possible by modulating 
the transcription rate alone.

$V�D�QHZO\�LGHQWL¿HG�&%6�UHSUHVVRU��US/��PD\�EH�
a potential cytotoxic agent against colon cancers lacking 
of p53. The relevance of these results suggests that 
therapeutic strategies aimed to upregulating rpL3 may 
be effective in the treatment of these tumors. Recently, 
we have developed novel polymeric nanoparticles based 
RQ�D�FRUH�RI�SRO\�ODFWLF�FR�JO\FROLF��DFLG��3/*$��DQG�D�
SRO\PHU�VKHOO�RI�+\DOXURQDQ��+$��DQG�3RO\HWK\OHQHLPLQH�
�3(,�� WKDW� UHSUHVHQW� D� YHU\� SURPLVLQJ� V\VWHP� IRU� WKH�
targeted delivery of drug combinations taking advantage 
of the shell and core properties [33]. At the present, the 
challenge is to use these nanoparticles as platform to 
deliver the conventional drug 5-FU and the proapoptotic 
protein rpL3 for the treatment of colon cancers lacking 
functional p53.
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MATERIALS AND METHODS

Cell cultures, transfections and drug treatments

+&7� ���S������ FHOOV� DQG� US/�ǻ+&7� ���S����� cells, 
GHULYHG�IURP�+&7����S����� cell line and stably silenced 
IRU�US/���ZHUH�FXOWXUHG�LQ�'XOEHFFR¶V�0RGL¿HG�(DJOH¶V�
0HGLXP��'0(0��ZLWK�JOXWDPD[��,QYLWURJHQ��&DUOVEDG��

California) supplemented with 10% fetal bovine serum 
�)%6�����P0�/�JOXWDPLQH��SHQLFLOOLQ�VWUHSWRP\FLQ����8�
PO�DQG�����ȝJ�PO�SXURP\FLQ��6LJPD�$OGULFK��

&%6ǻ+&7� ���S����� cell line was obtained from 
+&7����S����� cells as previously reported [34]. Cells were 
WUDQVIHFWHG�ZLWK���ȝJ�RI�GLIIHUHQW�VK51$�&%6�SODVPLGV�
�6LJPD�$OGULFK�� E\� XVLQJ� /LSRIHFWDPLQ� ����� �/LIH�
Technologies) according to the manufacturer’s instructions. 

Figure 8: Schematic representation of proposed model. 5-FUinduced nucleolar stress caused an induction of rpL3 as ribosome-
IUHH�IRUP��,Q�UHVSRQVH�WR���)8��ULERVRPH�IUHH�US/��EHFRPHV�D�UHJXODWRU�RI�&%6�H[SUHVVLRQ��$W�WUDQVFULSWLRQDO�OHYHO��US/��ELQGV�6S��DQG�
FDXVHV�LWV�UHOHDVH�IURP�&%6�SURPRWHU��$W�WKH�VDPH�WLPH��US/��FRXOG�UHFUXLW�6S��RQ�S���SURPRWHU�WR�LQGXFH�LWV�WUDQV�DFWLYDWLRQ�$W�SRVW�
WUDQVODWLRQDO�OHYHO��US/��ELQGV�&%6�DQG�WULJJHU�LW�LQWR�WKH�PLWRFKRQGULD�IRU�GHJUDGDWLRQ��US/��HIIHFWV�DVVRFLDWH�WR�F\WRFKURPH�F�UHOHDVH��
LQFUHDVH�RI�%D[�%FO��UDWLR�DQG�FDVSDVH�DFWLYDWLRQ�
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6WDEOH�FORQHV�ZHUH�VHOHFWHG�LQ�PHGLXP�FRQWDLQLQJ���PJ�PO�
RI�3XURPLFLQ��6LJPD�$OGULFK��DQG�DVVD\HG�IRU�WKH�GHWHFWLRQ�
RI�&%6�H[SUHVVLRQ�OHYHO�E\�ZHVWHUQ�EORWWLQJ�

shRNA transfections were performed in cells as 
previously described [34].

Drug treatments were performed by adding to cells 
����ȝ0���)8��6LJPD�$OGULFK��6W��/RXLV��02��86$���&+;

Cell fractionation

To analyze the subcellular distribution of rpL3 and 
&%6�FHOOV�ZHUH�VHSDUDWHG�LQWR�&\WRVROLF�IUDFWLRQ��&)��DQG�
0LWRFKRQGULDO� IUDFWLRQ� �0)��XVLQJ�D�PRGL¿HG�SURWRFRO�
>��@��%ULHÀ\��FHOOV�IURP�WKUHH�����PP�SODWH����î����FHOOV��
ZHUH�ZDVKHG�ZLWK�LFHFROG�3%6��;�DQG�WUHDWHG�ZLWK�����
ȝO�RI�LFH�FROG�LVRODWLRQ�EXIIHU�����0�75,6�0236�����0�
('7$�7ULV���0�VXFURVH���7KH�FHOO�VXVSHQVLRQ�ZDV�SODFHG�
in a glass potter, stroked 40 times and centrifuged at 600xg 
for 10 min at 4°C. The supernatant obtained under these 
conditions was centrifuged at 7000xg for 10 min at 4°C 
and the recovered supernatant was referred to as the CF. 
7KH�SHOOHW�ZDV�UHVXVSHQGHG�LQ����ȝO�RI�LFH�FROG�LVRODWLRQ�
buffer and then centrifuged at 7000xg at 4°C for 10 min. 
The resulting pellet was resuspended in 50 µl of ice-cold 
LVRODWLRQ�EXIIHU�DQG�UHIHUUHG�WR�DV�WKH�0)�

Immunoprecipitation and western blotting

Immunoprecipitation assay was performed as 
SUHYLRXVO\�UHSRUWHG�>��@��%ULHÀ\����PJ�RI�+&7����S����� whole 
FHOO�O\VDWH�ZDV�LQFXEDWHG�ZLWK����ȝO�RI�SURWHLQ�$�*�DJDURVH�
EHDGV�FRDWHG�ZLWK���ȝJ�RI�DQWL�US/���3ULPP��0LODQ��,WDO\��
RU�DQWL�&%6��6DQWD�&UX]�%LRWHFKQRORJ\��DW����&�IRU����K��
The beads were washed and boiled in the SDS sample buffer. 
7KH�HOXWHG�SURWHLQV�ZHUH�ORDGHG�RQ�����6'6�3$*(�DQG�
detected by western blotting as previously reported [37, 38]. 
$OLTXRWV�RI�SURWHLQ�VDPSOHV�����ȝJ��ZHUH�UHVROYHG�E\�����
SDS-gel electrophoresis and transferred into nitrocellulose 
¿OWHUV��7KH�PHPEUDQHV�ZHUH�EORFNHG�LQ�3%6�������7ULWRQ�
�6DQWD�&UX]���7KH�SURWHLQV�ZHUH�YLVXDOL]HG�ZLWK�HQKDQFHG�
chemiluminescence detection reagent according to the 
PDQXIDFWXUHU¶V�LQVWUXFWLRQV��3LHUFH��5RFNIRUG��,OOLQRLV��

The membranes were challenged with anti-rpL3 and 
DQWL�US/�D��3ULPP��0LODQ��,WDO\���DQWL�6S���DQWL�&%6��DQWL�
%FO����DQWL�%D[��DQWL�FDVSDVH���DQG�DQWL�ȕ�DFWLQ��DQWL�US6���
�6DQWD�&UX]�%LRWHFKQRORJ\���3URWHLQV�ZHUH�YLVXDOL]HG�ZLWK�
enhanced chemiluminescence detection reagent according 
WR� WKH� PDQXIDFWXUHU¶V� LQVWUXFWLRQV� �3LHUFH�� 5RFNIRUG��
Illinois).

Chromatin immunoprecipitation and Flow 
cytometry

Chromatin immunoprecipitation asssay and 
Flow cytometry analysis were performed as previously 
reported [9].

Clonogenic assay

)RU� FORQRJHQLF� DVVD\�� FHOOV� ��� î� ��3 in 6-well 
multidishes) were plated in triplicate and treated with 
��)8������ȝ0��IRU����K�RU�QRW��$IWHU����GD\V��FRORQLHV�
were stained with 1% methylene 490 blue in 50% ethanol 
as previously reported [10].

Wound healing assay

Cell motility was assessed using a wound healing 
DVVD\��&HOOV� ���î���6 per well) were treated with 5-FU 
�����ȝ0��IRU����K�RU�QRW��7KH�FRQÀXHQW�PRQROD\HU�FHOOV�
were then carefully wounded using a sterilized pipette tip. 
0RQROD\HU�FHOOV�ZHUH�SKRWRJUDSKHG�DW������DQG����K�ZLWK�
DQ�REMHFWLYH���;��4XDQWLWDWLYH�DQDO\VLV�RI�ZRXQG�DVVD\�
was performed by measuring the gap area. The gap area 
ZDV�GH¿QHG�E\�XVLQJ�,PDJH-�6RIWZDUH��1DWLRQDO�,QVWLWXWH�
RI�+HDOWK��86$���'DWD�LV�H[SUHVVHG�DV�WKH�IROG�GHFUHDVH�
RI�DUHD�UHVSHFW�WR�FRQWUROV�VHW�DV�������%DUV�UHSUHVHQW�WKH�
mean of triplicate experiments; error bars represent the 
standard deviation.

Statistical analysis

(UURU�EDUV�UHSUHVHQW�PHDQ�6(0�IURP�Q ��ELRORJLFDO�
replicates. Statistical comparisons were made by Student 
W�WHVW� DQG� RQH�ZD\�$129$� IROORZHG� E\� %RQIHUURQL¶V�
WHVW� IRU�PXOWLSOH� FRPSDULVRQV�� 3�������ZDV� FRQVLGHUHG�
VLJQL¿FDQW��3��������ZDV�FRQVLGHUHG�KLJKO\�VLJQL¿FDQW�
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