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     Kaposi’s sarcoma (KS) is a multifocal vascular 
neoplasm strictly associated with infection by 
the KS-associated herpesvirus (KSHV or 
HHV8) that occurs in several clinical-epidemi-
ological settings, typically in the context of im-
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 Kaposi’s sarcoma (KS), a multifocal vascular neoplasm linked to human herpesvirus-8 

(HHV-8/KS-associated herpesvirus [KSHV]) infection, is the most common AIDS-associated 

malignancy. Clinical management of KS has proven to be challenging because of its preva-

lence in immunosuppressed patients and its unique vascular and infl ammatory nature that 

is sustained by viral and host-derived paracrine-acting factors primarily released under 

hypoxic conditions. We show that interactions between the regulatory lectin galectin-1 

(Gal-1) and specifi c target N-glycans link tumor hypoxia to neovascularization as part of 

the pathogenesis of KS. Expression of Gal-1 is found to be a hallmark of human KS but not 

other vascular pathologies and is directly induced by both KSHV and hypoxia. Interestingly, 

hypoxia induced Gal-1 through mechanisms that are independent of hypoxia-inducible 

factor (HIF) 1 �  and HIF-2 �  but involved reactive oxygen species–dependent activation of 

the transcription factor nuclear factor  � B. Targeted disruption of Gal-1–N-glycan interac-

tions eliminated hypoxia-driven angiogenesis and suppressed tumorigenesis in vivo. Thera-

peutic administration of a Gal-1–specifi c neutralizing mAb attenuated abnormal 

angiogenesis and promoted tumor regression in mice bearing established KS tumors. Given 

the active search for HIF-independent mechanisms that serve to couple tumor hypoxia to 

pathological angiogenesis, our fi ndings provide novel opportunities not only for treating KS 

patients but also for understanding and managing a variety of solid tumors.  

© 2012 Croci et al. This article is distributed under the terms of an Attribu-
tion–Noncommercial–Share Alike–No Mirror Sites license for the fi rst six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommer-
cial–Share Alike 3.0 Unported license, as described at http://creativecommons.
org/licenses/by-nc-sa/3.0/).

munodefi ciency ( Mesri et al., 2010 ). This 
enigmatic tumor, which has emerged as a 
model of pathological angiogenesis, is the most 
common malignancy in HIV-infected individ-
uals and is a leading cause of morbidity and 
mortality in AIDS ( Casper, 2011 ). 
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of these paracrine-acting factors, mostly released under hy-
poxic conditions, may contribute to the unique angioprolif-
erative nature of these tumors. 

 Despite a decline in its incidence with the widespread use 
of HAART (highly active antiretroviral therapy), KS pro-
gresses in most patients within 6 mo of treatment and often 
requires additional therapy. Unfortunately, current treatment 
options are only palliative and include chemotherapeutic 

 Although the pathogenesis of KS is not completely un-
derstood, recent evidence suggests that KSHV-encoded lytic 
genes induce the release of host and viral growth factors, in-
cluding vascular endothelial growth factor (VEGF), angio-
poietin-like 4 (ANGPTL4), and IL-8, which may act together 
in a paracrine manner to drive proliferation, angiogenesis, 
and infl ammation ( Cesarman et al., 2000 ;  Montaner et al., 
2006 ;  Sun et al., 2006 ;  Ma et al., 2010 ). The concerted action 

  Figure 1.   Gal-1 expression is a hallmark of KS.  (A and B) Gal-1 transcript profi le of mouse mECK36 KS tumors and human AIDS-KS compared with 

normal skin (Array data were obtained from  Mutlu et al., 2007  and from  Wang et al., 2004 ). (C) Left, qRT-PCR analysis of Gal-1 mRNA in mECK36 KS tumors 

and normal skin. Results are the mean ± SEM of three independent experiments. Right, confocal microscopy of mECK36 tumors stained for Gal-1 and LANA. 

Data are representative of three independent experiments. (D) Left, immunoblot of Gal-1 in KS-Imm cells. Right, fl ow cytometry of Gal-1 in permeabilized KS 

cells. Data are representative of six experiments. (E) ELISA of Gal-1 secretion by KS cells and HUVEC. Data are the mean ± SEM of three independent experi-

ments. (F and G) Immunohistochemical analysis of human benign vascular lesions ( n  = 26) and primary KS tumors ( n  = 15) stained with anti–Gal-1 polyclonal 

Ab or with H&E. Data are the mean ± SEM (F) or are representative (G) of three independent experiments. (C, E, and F) **, P < 0.01; ***, P < 0.001.   
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strate a novel role for Gal-1–N-glycan interactions in coupling 
tumor hypoxia to pathological angiogenesis in KS. Moreover, 
we validate the in vivo therapeutic effi  cacy of a blocking anti-
Gal1 mAb, which promotes tumor regression and attenuates 
abnormal angiogenesis, thus providing novel opportunities for 
treating not only KS but also a variety of tumors. 

 RESULTS 

 Gal-1 expression is a hallmark of KS 

 To study the contribution of Gal-1 to the pathogenesis of 
KS, we fi rst examined the relative expression profi le of this 
lectin in the mouse mECK36 KS-like tumor and human 
AIDS-KS transcriptomes. mECK36 is a cell model of KSHV-
induced KS generated by transfection of a KSHV bacterial 
artifi cial chromosome (KSHVBac36) into ECs which then 
form spindle cell sarcomas reminiscent of KS when injected 
into nude mice ( Mutlu et al., 2007 ). We found that Gal-1 
transcripts were part of both the mouse KS-like and the 
AIDS-KS signature because they were overexpressed  � 3.9-
fold in mECK36 tumors and  � 3.6-fold in AIDS-KS lesions 
( Fig. 1, A and B ) when compared with skin, the control tis-
sue against which the KS molecular signature was originally 
defi ned ( Wang et al., 2004 ).  Overexpression was confi rmed 
by quantitative (q) RT-PCR and immunofl uorescence of 
KSHV-infected mECK36 LANA +  tumors ( Fig. 1 C ). This 
lectin was mainly localized in the intracellular compartment 
of permeabilized human KS cells and secreted to the extracel-
lular medium of these cells ( Fig. 1, D and E ), suggesting that 
Gal-1 may represent an alternative paracrine factor that con-
tributes to the proangiogenic phenotype induced by KSHV. 
Of note, the amounts of Gal-1 secreted by KS spindle cells 
were substantially higher than those produced by nontrans-
formed human umbilical vein ECs (HUVECs;  Fig. 1 E ). 

 KS lesions, irrespective of their epidemiological forms, 
are similarly comprised of KSHV-infected spindle cells, ves-
sels, and infl ammatory infi ltrates ( Ganem, 2010 ). To deter-
mine the clinicopathologic relevance of our fi ndings, we 
further examined a collection of biopsies from KS patients, 
including HIV  �   classical KS and AIDS-KS, together with a 
series of benign vascular pathologies. Remarkably, Gal-1 
was selectively expressed in KS lesions associated with vas-

drugs, which are themselves associated with immunosuppres-
sion and cumulative toxicity ( Mesri et al., 2010 ). Recent 
fi ndings have identifi ed novel molecular pathways of viral-
induced KS signaling, survival, and angiogenesis which could 
be targeted by drugs; these include KHSV-dependent activa-
tion of PI3K (phosphatidylinositol 3-kinase)/Akt/mTOR, 
small GTPase Rac1, and NF- � B ( Montaner et al., 2004 ; 
 Chaisuparat et al., 2008 ;  Martin et al., 2008 ,  2011 ). How-
ever, the molecular pathways coupling viral infection and tu-
mor hypoxia to angiogenesis are poorly understood. 

 Recent eff orts toward deciphering the information en-
coded by the glycome—the complete repertoire of glycans 
that cells synthesize under specifi c conditions of time, space, 
and environment—have revealed novel opportunities for dif-
ferential diagnosis, prognosis, and therapeutic intervention 
( Paulson et al., 2006 ). The responsibility for decoding this 
information is assigned to endogenous glycan-binding pro-
teins or lectins, which typically establish multivalent interac-
tions with cell surface glycans to control immune cell 
signaling, infl ammation, and neovascularization ( Markowska 
et al., 2010 ;  Rabinovich and Croci, 2012 ). Galectin-1 (Gal-
1), a member of a highly conserved family of animal lectins, 
is released by a variety of tumors where it contributes to ma-
lignant transformation and metastasis ( Paz et al., 2001 ;  Liu 
and Rabinovich, 2005 ). Previous studies identifi ed an essen-
tial role for this lectin in controlling infl ammation ( Rabinov-
ich et al., 1999 ;  Rabinovich and Croci, 2012 ) and promoting 
tumor-immune escape ( Rubinstein et al., 2004 ;  Juszczynski 
et al., 2007 ;  Banh et al., 2011 ;  Kuo et al., 2011 ;  Cedeno-
Laurent et al., 2012 ;  Tang et al., 2012 ). The mechanisms un-
derlying these eff ects involve glycosylation-dependent control 
of T helper cell survival ( Toscano et al., 2007 ), modulation of 
T cell traffi  cking ( Norling et al., 2008 ), and induction of 
tolerogenic dendritic cells ( Ilarregui et al., 2009 ). Interest-
ingly, Gal-1 is also part of the hypoxia-regulated transcrip-
tome ( Le et al., 2005 ) and controls endothelial cell (EC) 
signaling ( Hsieh et al., 2008 ;  Thijssen et al., 2010 ). 

 Given the prevalence of KS in immunosuppressed indi-
viduals and its unique vascular nature, we hypothesized that 
interactions between Gal-1 and specifi c N-glycans may con-
tribute to the pathogenesis of KS. In this study, we demon-

  Figure 2.   KSHV controls Gal-1 expression.  

(A) qRT-PCR analysis of Gal-1 mRNA in uninfected 293 

and 293rKSHV.219 cells upon stimulation with 3 mM 

sodium butyrate to induce lytic gene expression. Data 

indicate fold increase of mRNA as measured by tripli-

cates of two independent experiments. (B) KSHV lytic 

gene expression (RTA, vGPCR, gB, K8.1) in 293rKSHV 

cells upon stimulation with sodium butyrate for 24 h. 

Data indicate fold increase of mRNA as measured by 

triplicates of two independent experiments. (C) qRT-

PCR analysis of Gal-1 mRNA in iSLK.219 cells upon 

stimulation with doxycycline to induce RTA-driven lytic 

gene expression. Data indicate fold increase of mRNA 

as measured by triplicates of two independent experiments. (D) KSHV lytic gene expression (RTA, vGPCR, gB) in iSLK.219 cells upon stimulation with doxycy-

cline. Data indicate fold increase of mRNA as measured by triplicates of two independent experiments. (A–D) Error bars represent SEM. (A and C) **, P < 0.01.   
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  Figure 3.   Hypoxia controls Gal-1 expression in KS through HIF-independent, NF- � B–dependent mechanisms.  (A–D) Expression of Gal-1 in KS 

cells transfected with or without HIF-1 �  siRNA or a super-repressor form of I � B- �  (I � B- � -SR) and incubated under hypoxia or normoxia. (A) Promoter 

activity. (B) qRT-PCR of Gal-1 mRNA relative to RN18S1. AU, arbitrary units. Data are the mean ± SEM of fi ve (A) or three (B) independent experiments. 

(C) Immunoblot of Gal-1, I � B- � , HIF-1 � , and actin. Data are representative of four independent experiments. (D) ELISA of Gal-1 secretion. Data are the 

mean ± SEM of three independent experiments. (E) ELISA of Gal-1 secretion by KS cells cultured under hypoxic or normoxic conditions in the presence or 

absence of HIF-1 �  or NF- � B inhibitors. Data are the mean ± SEM of three independent experiments. (F and G) Immunoblot (F) and qRT-PCR (G) of Gal-1 

expression induced by hypoxia (Hyp) in human and mouse melanoma (A375 and B16-F0), mouse breast carcinoma (4T1), and human prostate carcinoma 

(LNCaP) cell lines. Data are representative (F) or are the mean ± SEM (G) of three independent experiments. (H) Western blot of HIF-1 � , I � B- � , Gal-1, and 

actin upon treatment of KS cells with CoCl 2  (chemical activator of HIF-1 � ). Data are representative of four experiments. (I) Gal-1 promoter activity upon 

treatment of KS cells with CoCl 2 . Modulation of pGL3–Gal-1–Luciferase activity relative to Renilla expression is shown. Data are the mean ± SEM of three 

independent experiments. (J) ELISA of VEGF secretion by KS cells transfected with HIF-1 �  or scr siRNA cultured under hypoxic or normoxic conditions. Data 
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cular channels, showing robust cytoplasmic and weak mem-
brane staining in spindle cells. In contrast, Gal-1 was barely 
detected in benign vascular lesions, including lobular capil-
lary hemangioma and telangiectatic lesions, in which only 
diff use staining of infl ammatory infi ltrates was detected ( Fig. 
1, F and G ). Collectively, these data suggest a role for Gal-1 
in KS pathogenesis and its potential use as a diagnostic bio-
marker capable of delineating highly tumorigenic human KS 
from benign vascular lesions with shared morphological and 
molecular features. 

 KSHV controls Gal-1 expression 

 To examine the ability of KSHV infection to regulate Gal-1 
expression directly in human cells, we used the HEK293 cell 
line harboring latent recombinant rKSHV.219 (HEK-
293rKSHV.219) that expresses GFP during latent and lytic 
replication and RFP during lytic replication ( Vieira and 
O’Hearn, 2004 ). When HEK293rKSHV.219 cells were 
treated with sodium butyrate to induce viral lytic replication, 
we found a twofold up-regulation of Gal-1 along with the 
expression of lytic genes ( Fig. 2, A and B ), suggesting a role 
of Gal-1 in KSHV sarcomagenesis.  As butyrate treatment af-
fects Gal-1 expression, we next used a more specifi c system 
of viral lytic replication comprising inducible SLK (iSLK), a 
KS spindle cell of endothelial lineage infected with rK-
SHV.219 in which lytic replication is induced by a Tet-in-
ducible RTA ( Myoung and Ganem, 2011 ). We found that 
Tet induction of RTA-driven lytic replication led to a four-
fold increase in Gal-1 expression ( Fig. 2, C and D ). These re-
sults suggest that Gal-1 may be part of the angioproliferative 
program that is up-regulated in KS spindle cells during KSHV 
lytic replication and participates in KS pathogenesis. 

 Hypoxia controls Gal-1 expression in KS cells through 

mechanisms involving reactive oxygen species (ROS)–

dependent NF- � B activation 

 The concerted action of hypoxia-regulated pathways allows 
tumor cells to sprout new vessels, co-opt host vessels, and/or 
recruit angiocompetent bone marrow–derived cells to gener-
ate functionally abnormal tumor vasculatures ( Fraisl et al., 
2009 ;  Chung and Ferrara, 2011 ). This eff ect is particularly 
relevant in the context of KS given the direct eff ects of hy-
poxia on KSHV lytic replication, the ability of KSHV to in-
crease the expression of hypoxia-inducible factors (HIFs), 
and the angioproliferative nature of this tumor ( Haque et al., 
2003 ;  Mesri et al., 2010 ). 

 To investigate whether lectin–glycan interactions link tu-
mor hypoxia to sprouting angiogenesis in KS, we fi rst exam-
ined the regulated expression of tumor-derived Gal-1 under 
hypoxic or normoxic conditions in AIDS-KS spindle (KS-

Imm) cells ( Albini et al., 2001 ). Hypoxia induced consider-
able up-regulation of Gal-1 in KS cells as shown by  LGALS1  
promoter activity, Gal-1 mRNA, and Gal-1 protein expres-
sion and secretion, as compared with KS cells grown under 
normoxic conditions ( Fig. 3, A–E ).  Hypoxia-induced Gal-1 
expression was also evident at both mRNA and protein levels 
and in human and mouse melanoma (A375 and B16-F0), 
mouse breast carcinoma (4T1), and human prostate carci-
noma (LNCaP) cell lines ( Fig. 3, F and G ), suggesting broad 
regulation of endogenous Gal-1 at the transcriptional level in 
tumors of either mesenchymal or epithelial origin. 

 Given the relevance of HIF-1 �  in hypoxia-driven an-
giogenesis, we then examined whether this master transcrip-
tion factor may control hypoxia-induced Gal-1 expression 
in KS cells. Remarkably, hypoxia induced up-regulation of 
Gal-1 in either KS cells transfected with HIF-1 �  siRNA 
( Fig. 3, A–D ) or in KS cells incubated with a specifi c HIF-
1 �  inhibitor ( Fig. 3 E ). Consistent with these observations, 
chemical activation of HIF-1 �  had no eff ect on Gal-1 ex-
pression ( Fig. 3, H and I ). However, knocking down HIF-
1 �  effi  ciently prevented hypoxia-induced secretion of VEGF 
( Fig. 3 J ), a well established target of this transcriptional fac-
tor ( Fraisl et al., 2009 ). Because HIF-2 �  may compensate for 
HIF-1 �  in certain systems and these related transcription 
factors can induce distinct gene expression profi les ( Keith et 
al., 2012 ), we then examined whether HIF-2 �  may control 
Gal-1 expression in KS cells. Notably, siRNA-mediated si-
lencing of HIF-2 �  did not prevent hypoxia-induced Gal-1 
expression and secretion ( Fig. 3, K and L ), suggesting that 
HIF-independent mechanisms operate, at least in KS cells, 
to control hypoxia-driven Gal-1 expression. As Gal-1 has 
been recently identifi ed as a direct transcriptional target of 
CCAAT/enhanced binding protein  �  (C/EBP � ) in acute 
myeloid leukemic cells ( Zhao et al., 2011 ) and this transcrip-
tion factor plays an important role during KS development 
( Wu et al., 2002 ), we then analyzed whether C/EBP �  con-
tributes to hypoxia-driven Gal-1 expression in KS. How-
ever, knocking down C/EBP �  did not alter Gal-1 expression 
or secretion by KS cells exposed to either hypoxic or nor-
moxic conditions ( Fig. 3, K and L ). 

 As both HIF-dependent and HIF-independent oxygen-
sensing mechanisms have been linked to NF- � B–regulated 
gene transcription ( Mizukami et al., 2005 ;  Rius et al., 2008 ; 
 Fitzpatrick et al., 2011 ), we next asked whether hypoxia 
might control Gal-1 expression through NF- � B–regulated 
pathways. Blockade of NF- � B transcriptional activity by ex-
pression of a super-repressor form of the NF- � B inhibitor  �  
(I � B- � -SR) or pharmacological inhibition using BAY-
117802 prevented I � B- �  degradation and completely elimi-
nated hypoxia-driven Gal-1 expression and secretion without 

are the mean ± SEM of three independent experiments. (K) Immunoblot of Gal-1, HIF-2 � , c/EBP � , and actin in KS cells transfected with or without siRNA 

for HIF-2 � , C/EBP � , or scrambled (scr) and incubated under hypoxia or normoxia. Data are representative of three independent experiments. (L) ELISA of 

Gal-1 secretion by KS cells transfected with or without siRNA for HIF-1 � , HIF-2 � , or C/EBP �  or incubated with an NF- � B inhibitor (BAY 11–7082; 1 μM) and 

cultured under hypoxic or normoxic conditions. Data are the mean ± SEM of three independent experiments. (A, B, D, E, J, and L) *, P < 0.05; **, P < 0.01.   
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vivo experiments aimed at disrupting lectin–glycan interac-
tions either by blocking Gal-1 expression or hindering N- or 
O-glycan elongation. Three diff erent short hairpin RNA 
(shRNA) constructs targeting unique sequences of Gal-1 
(shGal-1.1, shGal-1.2, and shGal-1.3) were stably expressed 
in KS cells. Retroviral-mediated infection of KS cells with 
shGal-1.1 or shGal-1.2 suppressed Gal-1 expression and se-
cretion substantially ( Fig. 5 A ).  Serum-free conditioned me-
dium (SFCM) obtained from KS cells exposed to hypoxic 
conditions induced a considerable increase in the formation 
of EC tubular networks compared with KS cells incubated 
under normoxic conditions; this eff ect was eliminated when 
Gal-1 was suppressed in KS cells ( Fig. 5 B ). Additionally, 
SFCM from KS cells cultured in hypoxic microenviron-
ments augmented angiogenesis when incorporated in vivo 
into Matrigel plugs. However, hypoxic KS SFCM failed to 
induce angiogenesis when cells were stably transfected with 
Gal-1 shRNA ( Fig. 5, C and D ). This eff ect proceeded irre-
spective of whether SFCM from Gal-1 knockdown KS 
clones were implanted into wild-type (C57BL/6) or Gal-1–
defi cient ( Lgals1  � / �   ) mice ( Fig. 5 C ), suggesting that hy-
poxia-regulated, tumor-derived Gal-1 contributes to 
angiogenesis independently of the presence or absence of the 
host endogenous lectin. 

 Gal-1 recognizes multiple galactose- � 1-4- N -acetylglu-
cosamine (LacNAc) units, which may be present on the 
branches of N- or O-linked glycans. Thus, regulated ex-
pression of glycosyltransferases during vascular remodeling, 
which serve to create poly-LacNAc ligands, may determine 
susceptibility to Gal-1. This includes the  N -acetylglucos-

altering the levels of HIF-1 �  ( Fig. 3, A–E and L ). Of note, 
inhibition of NF- � B also suppressed Gal-1 secretion under 
normoxic conditions ( Fig. 3 L ), suggesting that this endoge-
nous lectin is a direct transcriptional target of NF- � B. Sup-
porting these observations, analysis of the regulatory sequences 
of human  LGALS1  gene revealed several putative NF- � B 
consensus sequences, including a specifi c site located within 
the functionally active promoter ( Toscano et al., 2011 ). 

 As NF- � B activation may result from oxidative stress of 
hypoxic cells as a result of the generation of ROS ( Mizukami 
et al., 2005 ), we then examined whether hypoxia may induce 
NF- � B activation and subsequent up-regulation of Gal-1 
through increased production of ROS. Scavenging of ROS 
using  N -acetylcysteine (NAC) strongly inhibited induction 
of Gal-1 expression and secretion and prevented I � B- �  deg-
radation in KS cells cultured under hypoxic conditions ( Fig. 
4, A and B ).  Moreover, exogenous administration of H 2 O 2  
stimulated the secretion of Gal-1 in a dose- and NF- � B–de-
pendent fashion ( Fig. 4, C and D ). These data indicate that 
ROS-dependent activation of NF- � B may control the in-
duction of proangiogenic Gal-1 in tumor hypoxic microen-
vironments. Supporting these fi ndings, Gal-1 preferentially 
localized within hypoxic regions surrounding necrotic areas 
in the center of KS xenografts injected in vivo into nude 
mice ( Fig. 4 E ). 

 Gal-1–glycan interactions couple tumor hypoxia 

to pathological angiogenesis in KS 

 Having defi ned the molecular pathways underlying hypoxia-
regulated Gal-1 expression, we next investigated whether 
Gal-1–glycan interactions might couple tumor hypoxia to 
angiogenesis at the tumor-EC interface. To address this 
question directly, we conducted a series of in vitro and in 

  Figure 4.   Hypoxia controls Gal-1 expres-

sion in KS through mechanisms involving 

ROS-dependent NF- � B activation.  (A) Im-

munoblot of Gal-1, I � B- � , and actin expres-

sion in KS cells cultured under hypoxic or 

normoxic conditions in the presence or ab-

sence of 5 mM of the ROS scavenger NAC. 

Data are representative of three independent 

experiments. (B) ELISA of Gal-1 secretion by 

KS cells cultured under hypoxic or normoxic 

conditions in the presence of increasing con-

centrations of NAC. Data are the mean ± SEM 

of three independent experiments. (C) ELISA 

of Gal-1 secretion by KS cells cultured with 

increasing concentrations of H 2 O 2 . Data are 

the mean ± SEM of three independent experi-

ments. (D) ELISA of Gal-1 secretion by KS cells 

exposed to 0.5 mM H 2 O 2  in the presence or 

absence of 1 μM BAY 11–7082. Data are the 

mean ± SEM of three independent experi-

ments. (E) Immunostaining of Gal-1 and Hy-

poxyprobe-1 in nonhypoxic and hypoxic areas 

of KS xenografts. Right, chart shows quantifi -

cation of pixel intensity of red fl uorescence 

(Gal-1) along the dashed line. Images are 

representative of three independent experi-

ments. (B and D) **, P < 0.01.   
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with EC complex N-glycans, directly connects hypoxia to 
pathological angiogenesis. 

 Targeting Gal-1–glycan interactions prevents 

the angiogenic switch in KS 

 To delineate the pathophysiologic relevance of Gal-1–glycan 
interactions in KS, we fi rst assessed the consequences of Gal-
1 inhibition in a xenograft model of human KS in nude mice. 
Knockdown KS cells expressing Gal-1 shRNA, control KS 
cells expressing scrambled shRNA (sh-scr), or wild-type KS 
cells were implanted into the fl anks of nude mice. Inocula-

aminyltransferase 5 (GnT5), an enzyme which generates 
 � 1,6- N -acetylglucosamine–branched complex N-glycans 
and the core-2  � 1-6- N -acetylglucosaminyltransferase-1 
(C2GnT-1), which elongates core-1 O-glycan structures to 
generate O-linked poly-LacNAc ligands ( Rabinovich and 
Croci, 2012 ). To substantiate further the relevance of Gal-
1–glycan interactions as bridging partners of hypoxia-driven 
angiogenesis, we assayed SFCM from hypoxic KS cells 
with knockdown ECs transfected with GnT5 or C2GnT-1 
siRNA ( Fig. 5, E and F ). Interruption of complex N-gly-
can branching prevented full induction of tubular networks 
stimulated by hypoxic KS cells, whereas hampering core-2 
O-glycan elongation had no eff ect ( Fig. 5 G ), underscoring 
the critical role of complex N-glycans in coupling hypoxia 
to tumor angiogenesis. 

 Because certain cytokines and growth factors induced by 
KSHV infection act as autocrine or paracrine factors for pro-
moting angiogenesis and driving KSHV oncogenesis ( Mesri 
et al., 2010 ), we asked whether modulation of Gal-1 expres-
sion may infl uence cytokine release by KS cells. Of note, 
shRNA-mediated Gal-1 silencing did not aff ect the secre-
tion of typical KS-derived cytokines, including VEGF, 
ANGPTL4, and Oncostatin M under hypoxic or normoxic 
conditions ( Fig. 6, A–C ).  These results suggest that Gal-1 it-
self may act as a KS-derived factor which, by interacting 

  Figure 5.   Gal-1–N-glycan interactions link 

tumor hypoxia to angiogenesis in KS.  (A) Immu-

noblot (left) and ELISA (right) of Gal-1 in KS cells 

expressing shRNA constructs that target different 

sequences of human Gal-1 mRNA (sh-Gal-1.1, sh-

Gal-1.2 and sh-Gal-1.3) or scrambled shRNA (sh-scr) 

compared with nontransfected KS cells (KS). Data are 

representative (left) or are the mean ± SEM (right) of 

fi ve independent experiments. (B) Tube formation by 

HUVEC incubated with SFCM from normoxic or hy-

poxic KS cells transfected or not with scr or Gal-1 

shRNA. Data are the mean ± SEM of four indepen-

dent experiments. (C) Hemoglobin content of Matri-

gel plugs containing SFCM of KS cells transfected or 

not with Gal-1 or scr shRNA, cultured under hypoxic 

or normoxic conditions and inoculated into B6 WT or 

 Lgals1  � / �    mice. Data are the mean ± SEM of three 

independent experiments. (D) In vivo vascularization 

of Matrigel plugs containing SFCM of KS cells trans-

fected or not with Gal-1 shRNA or scr shRNA. Data 

are representative of three independent experiments 

with three animals per group. (E and F) qRT-PCR 

analysis of C2GnT-1 (E) or GnT5 (F) mRNA of HUVEC 

transfected with different concentrations of specifi c 

siRNA relative to RN18S1 mRNA (AU: arbitrary 

units). Data are the mean ± SEM of three indepen-

dent experiments. (G) Tube formation by HUVEC 

transfected with GnT5, C2GnT-1, or scr siRNA incu-

bated with SFCM from normoxic or hypoxic KS cells. 

Data are the mean ± SEM of four independent ex-

periments. (B, C, and E–G) **, P < 0.01.   

  Figure 6.   Silencing of Gal-1 expression does not alter the secre-

tion of KS-derived proangiogenic cytokines . (A–C) ELISA of VEGF 

(A), ANGPTL4 (B), and Oncostatin M (C) secretion by KS cells transfected 

or not with Gal-1 or scr shRNA and cultured under hypoxic or normoxic 

conditions. Data are the mean ± SEM of three independent experiments.   
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3 or Gal-8, to the EC surface ( Fig. 8, B and C ), indicating the 
lack of signifi cant off -target eff ects. The functional activity of 
this mAb was demonstrated in vitro through its specifi c ca-
pacity to prevent EC proliferation, migration, invasion, and 
capillary tube formation induced by Gal-1 ( Fig. 8, D–G ). 
Notably, the F8.G7 mAb did not alter EC biology in the ab-
sence of exogenous Gal-1 ( Fig. 8, E and F ). 

 To validate the therapeutic potential of interrupting Gal-
1 signaling in vivo, we infused diff erent doses of the F8.G7 
mAb (5 mg/kg, 10 mg/kg, or 50 mg/kg) or the isotype con-
trol in nude mice bearing established KS tumors. Treatment 
of KS-bearing mice with the F8.G7 mAb, but not its isotype 
control, induced a dose-dependent delay in tumor growth 
( Fig. 9 A ) and suppressed the aberrant vascular network of KS 
spindle cells, as shown by substantially reduced microvessel 
density and tumor hemoglobin content ( Fig. 9, B and C ).  To 
determine whether mAb-mediated Gal-1 blockade aff ects 
the in vivo growth and apoptotic rates of tumor cells, we 
evaluated the extent of 5-ethynyl-2 � -deoxyuridine (EdU) in-
corporation and the frequency TUNEL +  cells in tumors iso-
lated from F8.G7 mAb-treated or isotype control mAb-treated 
mice. Although we observed no diff erences in the frequency 
of apoptotic tumor cells ( Fig. 9 D , bottom), we found signifi -
cantly diminished EdU incorporation by KS tumors of mice 
treated with the anti–Gal-1 F8.G7 mAb compared with mice 
treated with the isotype control ( Fig. 9 D , top), indicating 
that diminished tumor vascularization induced by Gal-1 

tion of Gal-1 knockdown KS cells led to a considerable re-
duction in tumor growth (sh-Gal-1.1, 51.2%; sh-Gal-1.2, 
60.6% decrease at day 22 after inoculation) compared with 
mice receiving control KS cells ( Fig. 7 A ).  This eff ect was not 
a result of intrinsic diff erences in proliferation rates, as control 
KS cells showed no growth advantage in vitro over Gal-1 
knockdown cells ( Fig. 7 B ). Gal-1 silencing attenuated the 
formation of a typical high density microvessel network as 
refl ected by a substantial decline in the percentage of CD34 +  
ECs, reduced microvessel density, and considerable reduc-
tion of tumor hemoglobin content ( Fig. 7, C–E ). These re-
sults indicate a role for Gal-1–glycan interactions as potential 
therapeutic targets in KS. 

 Therapeutic administration of a Gal-1–specifi c neutralizing 

mAb promotes tumor regression in established KS 

 Having established the eff ects of interrupting the Gal-1–gly-
can axis in KS, we next evaluated the therapeutic benefi t of a 
recently developed neutralizing Gal-1 mAb, F8.G7 ( Ouyang 
et al., 2011 ), as a potential agent for the treatment of KS. 
Given the proangiogenic activity of Gal-1, we fi rst assessed 
the in vitro eff ects of F8.G7 mAb in EC biology. Incubation 
with the Gal-1–specifi c mAb, but not its isotype control, 
prevented the binding of Gal-1 to HUVEC at similar levels 
as lactose, a general galectin inhibitor ( Fig. 8 A ).  The F8.G7 
mAb was specifi c for Gal-1; it did not interfere with the 
binding of other members of the galectin family, such as Gal-

  Figure 7.   Targeting Gal-1–glycan interactions prevents the angiogenic switch in KS.  (A) Tumor growth in nude mice inoculated with 5 × 10 6  

knockdown KS cells expressing Gal-1 shRNA (sh-Gal-1.1 and sh-Gal-1.2), KS cells expressing scr shRNA (sh-scr), or nontransfected KS cells (KS). Data are 

the mean ± SEM of four independent experiments with fi ve animals per group. (B) In vitro cell growth of KS clones expressing Gal-1 shRNA or scr shRNA 

(sh-scr) or nontransfected KS cells (KS). Data are the mean ± SEM of three independent experiments. (C) Flow cytometry of tumor-associated CD34 +  ECs. 

Dot plots are representative of four independent experiments. Right, data are the mean ± SEM of four independent experiments. (D) Microvessel density. 

Data are the mean ± SEM of four independent experiments (E) Tumor hemoglobin content. Data are the mean ± SEM of four independent experiments. 

(A and C–E) **, P < 0.01.   
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2012 ), we next evaluated whether Gal-1 blockade in the KS 
microenvironment resulted in changes in immune cell infi l-
trates. We found no diff erences in the frequency of B220 +  B 
cells and F4/80 +  macrophages infi ltrating KS xenografts from 
nude mice treated with F8.G7 mAb or isotype control. How-
ever, mAb-mediated Gal-1 blockade led to a considerable 
increase in the number of tumor-infi ltrating NK1.1 +  NK 

blockade was accompanied by reduced tumor growth rates 
consistent with the common tumor cytostatic eff ect of anti-
angiogenic agents. Of note, injection of the anti–Gal-1 mAb 
in mice inoculated with Gal-1 knockdown tumor clones had 
no additional inhibitory eff ect (unpublished data). 

 Given the role of Gal-1 in modulating the interactions 
between tumors and immune cells ( Rabinovich and Croci, 

  Figure 8.   A Gal-1–specifi c neutralizing mAb prevents Gal-1–induced EC proliferation, migration, invasion, and tube formation.  (A) Binding 

of 20 μg/ml 488-Gal-1 to HUVEC in the presence or absence of 0.5 μM F8.G7 anti–Gal-1 mAb, 0.5 μM isotype control, or 30 mM lactose. Data are repre-

sentative of three independent experiments. (B and C) Binding of 20 μg/ml 488-Gal-3 (B) or 20 μg/ml 488-Gal-8 (C) to HUVEC in the presence or absence 

of 0.5 μM F8.G7 anti–Gal-1 mAb. Filled histogram, nonspecifi c binding determined with unlabeled galectins. Data are representative of three independent 

experiments. (D–G) Functional activity of F8.G7 mAb in vitro. Proliferation (D), migration (E), and tube formation (F) of HUVEC incubated with or without 

increasing concentrations of Gal-1 in the presence or absence of 0.5 μM F8.G7 mAb, 0.5 μM isotype control, or 30 mM lactose. (G) Representative micro-

graphs of tube formation (top), migration (middle), and invasion (bottom) of HUVEC exposed to different treatments. Data are the mean ± SEM (D–F) or 

are representative (G) of three independent experiments. (D–F) **, P < 0.01.   
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1–N-glycan interactions, which connects KSHV infection 
and tumor hypoxia to the angioproliferative phenotype of 
KS. Moreover, our fi ndings validate the in vivo therapeutic 
benefi ts of a Gal-1–specifi c mAb capable of promoting tu-
mor regression and counteracting aberrant angiogenesis. 

 Given its central role in tumor progression, angiogenesis, 
immunosuppression, and resistance to therapy, tumor hy-
poxia has been considered one of the best validated targets to 
be exploited in cancer therapy ( Keith et al., 2012 ). Although 
much has already been learned about the molecular responses 
to hypoxia, the highly interactive nature of hypoxia-regu-
lated pathways and the occurrence of tumor-specifi c diver-
gences in genetic modules regulated by oxygen sensing 

cells ( Fig. 9 E ). Thus, therapeutic administration of a Gal-1–
specifi c neutralizing mAb may promote tumor regression in 
KS through mechanisms involving not only suppression of 
aberrant angiogenesis but also promotion of NK cell recruit-
ment, expansion, and/or activation. 

 DISCUSSION 

 Recent eff orts involving genetic manipulation of N- and O-
glycosylation pathways, as well as blockade of endogenous 
galectins, have illuminated essential contributions of lectin–
glycan interactions to regulatory circuits that critically infl u-
ence antitumor responses ( Rabinovich and Croci, 2012 ). In 
this study, we identifi ed a paracrine circuit, mediated by Gal-

  Figure 9.   Therapeutic administration of a Gal-1–specifi c neutralizing mAb promotes tumor regression in established KS.  (A–E) Nude mice 

were inoculated with KS cells and treated in vivo with the indicated doses of F8.G7 mAb or with isotype control when tumors reached 100 mm 3 . (A) Ki-

netics of tumor growth. Data are the mean ± SEM of four independent experiments. (B) Microvessel density. Left, representative confocal micrographs of 

three experiments are shown (green, CD31; red, propidium iodide). Right, results are the mean ± SEM of three independent experiments. (C) Tumor hemo-

globin content. Data are the mean ± SEM of three independent experiments. (D) Top, in vivo proliferation rate of KS xenografts from mice receiving F8.G7 

mAb or isotype control, determined by incorporation of EdU injected into mice 2 h before sacrifi ce. Bottom, apoptosis of tumor sections from mice receiv-

ing F8.G7 mAb or isotype control (green, TUNEL; red, propidium iodide). Dashed lines indicate the peripheral borders of the tumor. Data are representative 

(left) or are the mean ± SEM (right) of three independent experiments. (E) Number of infi ltrating B cells (B220 + ), macrophages (F4/80 + ), and NK cells 

(NK1.1 + ) in tumor sections from mice receiving F8.G7 mAb or isotype control. Data are representative (left) or are the mean ± SEM (right) of three inde-

pendent experiments with fi ve animals per group. (A–E) *, P < 0.05; **, P < 0.01.   
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induced by stress, hypoxia, and infl ammation and are impli-
cated in KS tumorigenesis ( Ma et al., 2009 ), can themselves 
regulate KSHV reactivation and replication, suggesting an al-
ternative pathway of induction of proangiogenic Gal-1 via 
ROS-dependent KSHV replication ( Ye et al., 2011 ). Sup-
porting these fi ndings, treatment with the ROS inhibitor 
NAC successfully limited angiogenesis-driven KS progres-
sion ( Albini et al., 2001 ) and suppressed KS-like tumors in-
duced by the ROS inducer Rac1 ( Ma et al., 2009 ). Whether 
these eff ects involve inhibition of ROS-mediated Gal-1 ex-
pression remains to be investigated. 

 Galectins can modulate EC biology and angiogenesis 
through diff erent mechanisms. Although Gal-1 directly 
binds to neuropilin-1 on ECs ( Hsieh et al., 2008 ) and pro-
motes H-Ras signaling to the Raf/ERK (extracellular sig-
nal-regulated kinase) kinase cascade ( Thijssen et al., 2010 ), 
Gal-3 induces EC morphogenesis through binding to N-
glycans on  �  v  �  3  integrin and modulating surface expression 
of VEGFR2 ( Nangia-Makker et al., 2000 ;  Markowska et al., 
2010 ,  2011 ). In contrast, Gal-8 triggers EC signaling through 
binding to the ALCAM (activated leukocyte cell adhesion 
molecule; CD166;  Delgado et al., 2011 ). As diff erent galec-
tins may be up- or down-regulated in diff erent tumor mi-
croenvironments, a detailed galectin signature of diff erent 
tumors will disclose the best targets for tumor-specifi c anti-
angiogenic therapies. Consistent with its up-regulation in 
KS gene expression profi les ( Cornelissen et al., 2003 ;  Wang 
et al., 2004 ), we found that KSHV induces Gal-1 expression 
which delineates highly angiogenic KSHV LANA +  KS tu-
mors from benign vascular lesions with shared morphologi-
cal and molecular features, suggesting the potential role of 
this lectin not only as a therapeutic target but also as a diff er-
ential diagnostic biomarker. In contrast, a previous study 
demonstrated that Gal-3 is markedly down-regulated after 
KSHV replication ( Alcendor et al., 2010 ), suggesting oppos-
ing eff ects of distinct members of the galectin family during 
KSHV-induced sarcomagenesis. Notably, in our study we 
show that Gal-1 is up-regulated by both KHSV lytic replica-
tion and by hypoxia. This is important because in KS lesions, 
KSHV +  cells undergoing lytic replication are relatively a mi-
nority ( Mesri et al., 2010 ) and thus, this mechanism would 
not explain why many KS cells of the lesions are indeed Gal-
1 positive. Our results showing both KSHV-dependent and 
-independent mechanisms of Gal-1 induction reveal the 
contributions of both viral and host factors in its regulation, 
suggesting the important pathophysiologic role of this en-
dogenous lectin in human KS. 

 Seeking novel therapeutic approaches, here we validate 
the in vivo therapeutic benefi ts of a Gal-1–specifi c neutral-
izing mAb capable of inducing tumor regression by attenu-
ating aberrant angiogenesis. In this regard, galectin inhibitors 
that block the carbohydrate-recognition domain have been 
developed for cancer treatment ( Ingrassia et al., 2006 ;  Rabi-
novich et al., 2006 ;  Ito and Ralph, 2012 ). Although prom-
ising, several of these inhibitors lack selectivity for individual 
members of the galectin family and often display weak li-

mechanisms make it diffi  cult to identify the vulnerabilities of 
hypoxic cells that can be universally exploited as drug targets. 
Adding complexity to this picture, the molecular mechanisms 
coupling tumor hypoxia to pathological angiogenesis remain 
poorly understood. Although HIF-1 �  and HIF-2 �  have been 
proposed as common regulators of hypoxia-driven angiogen-
esis, emerging evidence supports an essential role for HIF-in-
dependent pathways in coupling these processes ( Keith et al., 
2012 ). These pathways include the proangiogenic chemo-
kine IL-8, expression of which is regulated by PHD2 (prolyl 
hydroxylase 2) in an HIF-independent but NF- � B–depen-
dent manner ( Mizukami et al., 2005 ;  Chan et al., 2009 ). 
Here, we show that ROS-dependent activation of NF- � B in 
KS tumors controls induction of the endogenous lectin Gal-
1, which couples tumor hypoxia to aberrant angiogenesis 
through direct interactions with N-glycans on the surface of 
ECs. Although recent studies suggested that Gal-1 is a direct 
transcriptional target of HIF-1 �  in colorectal cancer ( Zhao et 
al., 2010 ), and its expression is controlled by C/EBP �  in 
acute myeloid leukemic cells ( Zhao et al., 2011 ), our fi ndings 
show that these mechanisms do not operate in the control of 
KS-derived Gal-1 during hypoxia, suggesting tumor-specifi c 
diff erences in the transcriptional regulation of Gal-1 expres-
sion and function. Supporting these observations, we previ-
ously identifi ed an activating protein 1 (AP-1)–dependent 
pathway that controls Gal-1 expression in classical Hodgkin 
lymphoma ( Juszczynski et al., 2007 ). 

 Through mechanisms that are still incompletely under-
stood, hypoxia has been reported to be a critical factor in 
the pathogenesis of KS. Although KSHV infection can in-
crease the transcription of hypoxia-regulated host genes that 
contribute to the angioproliferative nature of KS, hypoxia 
may in turn activate KSHV replication and induce the ex-
pression of lytic genes ( Haque et al., 2003 ). Accordingly, 
lytic induction of KSHV and exposure to hypoxic microen-
vironments can both up-regulate expression of Gal-1 in KS 
spindle cells. Interestingly, and consistent with a role for 
this lectin in viral oncogenesis, we previously reported in-
duction of Gal-1 by EBV, another human gammaherpesvi-
rus, through a mechanism driven by the latent membrane 
proteins LMP2A and LMP1 and mediated by AP-1 and 
PI3K pathways ( Ouyang et al., 2011 ). 

 Although our fi ndings demonstrate that ROS-mediated, 
NF- � B–dependent mechanisms underlie hypoxia-induced 
Gal-1 expression in KS, the intrinsic roles of ROS and NF-
 � B in KSHV replication makes it diffi  cult to determine 
whether these signaling pathways also contribute to KSHV-
driven Gal-1 expression. Both latent and lytic KSHV genes, 
including vFLIP (viral FLICE inhibitory protein), viral G 
protein–coupled receptor (vGPCR), and K1, have been 
shown to activate NF- � B and stimulate the secretion of cy-
tokines implicated in KS pathogenesis ( Sun et al., 2006 ;  Mesri 
et al., 2010 ). Thus, it is tempting to speculate that KSHV 
gene expression could also control expression of Gal-1 
through mechanisms involving NF- � B activation. In addi-
tion, recent studies demonstrated that ROS, which can be 
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mantan-1-yl-phenoxy)-acetylamino)-4-hydroxybenzoic acid methyl ester; 3 

μM) was from EMD Millipore. Matrigel was from BD. ON-TARGETplus 

SMART siRNA pools against GnT5, C2GnT-1, HIF-1 � , EPAS1 (HIF-

2 � ), C/EBP � , and scrambled (scr) were obtained from Thermo Fisher Sci-

entifi c. Transfections were performed by Lipofectamine-RNAiMAX (Life 

Technologies) according to the manufacturer’s directions. 

 Cells and knockdown strategies.   KS-Imm is a spontaneously immortal-

ized cell line obtained from a KS biopsy as previously described ( Albini et al., 

2001 ). HEK293rKSHV.219 is a KSHV-infected 293 cell line maintained in 

DME supplemented with 10% FCS as previously described ( Vieira and 

O’Hearn, 2004 ). The rKSHV219 was provided by J. Vieira (University of 

Washington, Seattle, WA). iSLK, a KS spindle cell from endothelial lineage 

infected with rKSHV.219 and a Tet-inducible RTA ( Myoung and Ganem, 

2011 ), was provided by D. Ganem (Novartis Institutes for Biomedical Re-

search, Emeryville, CA). Mock-infected and rKSHV.219-infected 293 cells 

were treated at 70% confl uence for 24 h with 3 mM sodium butyrate to in-

duce viral lytic gene expression and replication. rKSHV.219-infected tetra-

cycline-iSLK cells were induced with 0.5 μg/ml doxycycline. All other cell 

lines were obtained from the American Type Culture Collection. KS, hu-

man melanoma (A375), and human prostate carcinoma (LNCaP) cell lines 

were cultured in RPMI-1640 GlutaMAX complete medium supplemented 

with 10% FCS. Mouse breast carcinoma (4T1) and mouse melanoma (B16-

F0) cell lines were cultured in DME supplemented with 5% FCS (all from 

Gibco). Primary HUVECs (provided by M. Schattner, Academia Nacional 

de Medicina, Buenos Aires, Argentina) were maintained in M199 medium 

supplemented with 20% FCS and 150 μg/ml EC growth supplement (ECGS; 

BD) and used between passages 2 and 5. Gal-1–specifi c shRNA was de-

signed and cloned into the pSIREN-RetroQ vector as previously described 

( Juszczynski et al., 2007 ). Retroviral shRNA delivery was performed using 

RetroPack PT-67 packaging cell line (Takara Bio Inc.) according to the 

manufacturer’s instructions. After infection, cells were subjected to puromy-

cin selection (5 μg/ml). The in vitro growth of relevant clones and cells was 

measured by the MTS assay (Promega). 

 KS microarrays and data analysis.   The Human Genome Array Hg-

U133A (Aff ymetrix) and the Mouse Genome 430 2.0 Array (Aff ymetrix) 

were used to examine gene expression profi les in KS biopsies and mECK36 

tumors as previously described ( Wang et al., 2004 ;  Mutlu et al., 2007 ). The 

choice of normal skin as control tissue was the result of an unsupervised 

clustering of AIDS-KS and several normal tissues. Raw data intensity was 

analyzed using the GeneSpring 7 (Agilent Technologies) to perform micro-

array normalization and statistical analysis. The microarray data for mECK36 

tumors can be accessed from NCBI’s Gene Expression Omnibus (GEO) 

with accession no.  GSE6482 , and the microarray data for AIDS-KS can be 

accessed from European Bioinformatics Institute (EMBL-EBI) with acces-

sion no.  E-MEXP-66 . 

 Induction of hypoxia.   Tumor cell lines were cultured in 24-well plates, 

placed in a modular incubator chamber (Billups-Rothenberg), and fl ushed at 

2 psi for 10 min with a mixture of 1% O 2 , 5% CO 2 , and 94% N 2 . The cham-

ber was sealed and placed in a 37°C incubator for 18 h. Controls of nor-

moxia were placed in the same incubator at 20% O 2 . Chemical induction of 

HIF-1 �  was induced after treatment with CoCl 2  (Sigma-Aldrich). 

 Angiogenesis, migration, proliferation, and invasion assays.   The 

formation of capillary-like tubular structures was assessed in Matrigel-

coated plates as previously described ( Albini et al., 2001 ). In brief, SFCM 

from hypoxic or normoxic KS cells infected or not with a retroviral vector 

containing Gal-1 shRNA was assessed on HUVEC transfected or not with 

GnT5, C2GnT-1, or scr siRNA (100 nM). HUVECs (3 × 10 4  cells/ml) 

were seeded on Matrigel, incubated at 37°C for periods ranging from 0 to 

24 h, and visualized by phase-contrast microscopy. In another set of ex-

periments, HUVECs were exposed to Gal-1 (0.1–3 μM) with or without 

30 mM lactose, F8.G7 0.5 μM anti–Gal-1 mAb, or class-matched isotype 

gand affi  nities. Moreover, anginex, a synthetic peptide 
which was originally modeled to reproduce the  � -sheet 
structure of anti-angiogenic proteins, effi  ciently binds to 
Gal-1 ( Thijssen et al., 2006 ), although it may also recognize 
other galectins and/or proteins with similar confi guration 
( Salomonsson et al., 2011 ). These shortcomings can be 
overcome by a mAb that specifi cally neutralizes Gal-1 and 
may target both vascular and immune compartments. Al-
though the T cell compartment could not be investigated 
here in nude mice, we found that in addition to decreased 
tumor vascularization, the anti–Gal-1 mAb also enhanced 
the number of infi ltrating NK cells. Whether this eff ect in-
volves the recruitment, expansion, and/or activation of par-
ticular NK cell subsets remains to be elucidated. In this 
regard, recent studies demonstrated that interactions be-
tween Gal-3 and poly-LacNAc–branched core-2 O-glycans 
decorating tumor-associated MHC I–related chain A 
(MICA) reduces the affi  nity of MICA for the activating NK 
cell receptor NKG2D, thereby impairing NK cell activation 
and antitumor activity ( Tsuboi et al., 2011 ). Thus, the re-
duced tumor growth rate observed in mice treated with the 
anti–Gal-1 mAb could be a result both of reduced vascular-
ization and augmented NK cell–mediated immunity. 

 Interestingly, given the ability of Gal-1 to eliminate Th1 
and Th17 cell subsets selectively ( Toscano et al., 2007 ), and 
to augment regulatory T (T reg ) cell responses ( Juszczynski et 
al., 2007 ), Gal-1 blockade might also ameliorate AIDS-re-
lated KS by restoring the balance between eff ector and T reg  
cell populations ( Favre et al., 2009 ). Furthermore, as Gal-1 
has been shown to facilitate HIV infection through direct in-
teraction with glycans on viral gp120 and CD4, targeting 
Gal-1 might also contribute to limit the extent HIV infectiv-
ity during disease progression ( St-Pierre et al., 2011 ). 

 In summary, our fi ndings identify an essential role for 
Gal-1–N-glycan interactions in connecting KSHV infection 
and tumor hypoxia to the angioproliferative phenotype of KS 
and provide novel opportunities for treating KS patients. In 
addition, our data may have broader implications in other tu-
mors and clinical settings involving deregulated angiogenesis 
including age-related macular degeneration, diabetes reti-
nopathy, and cardiovascular diseases. 

 MATERIALS AND METHODS 
 Mice.    Lgals1  � / �    mice (C57BL/6; B6) were provided by F. Poirier (Jacques 

Monod Institute, Paris, France). Swiss N: NIH(S) nu (nude) mice and 

C57BL/6 wild-type mice were obtained from the University of La Plata. 

Mice were bred at the animal facilities of the Institute of Biology and Experi-

mental Medicine according to National Institutes of Health guidelines. All 

experimental procedures were reviewed and approved by the Institutional 

Animal Care and Use Committee of the Institute of Biology and Experi-

mental Medicine (IBYME; Buenos Aires, Argentina). 

 Reagents.   Recombinant Gal-1 (rGal-1), rGal-3, and rGal-8 were produced 

and purifi ed essentially as previously described ( Rabinovich et al., 1999 ; 

 Fernández et al., 2005 ;  Delgado et al., 2011 ). DyLight 488–conjugated ga-

lectins were obtained using DyLight labeling kit (Thermo Fisher Scientifi c). 

Inhibitors of NF- � B (BAY 11–7082; 1 μM), ROS (NAC; 5 mM), and lac-

tose (30 mM) were from Sigma-Aldrich. HIF-1 �  inhibitor (3-(2-(4-Ada-
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 Analysis of  LGALS1  promoter constructs with luciferase assay.   Cells 

transfected or not with 100 nM HIF-1 �  siRNA or 500 ng I � B- � -SR were 

grown to 60–80% confl uence on 24-well plates and cotransfected with 500 

ng pGL3-Gal-1-Luc vector containing the  LGALS1  promoter region ( � 473 

to +67) ligated into the pGL3 promoterless reporter vector (Promega) and 

20 ng of the control reporter plasmid pRL-TK (Promega) using FUGENE 

HD transfection reagent (Roche) according to the manufacturer’s recom-

mended protocol. After 48 h, culture medium was replaced for RPMI 1% 

FCS and cells were incubated under normoxic or hypoxic conditions in the 

absence or presence of NF- � B or HIF-1 �  inhibitors. After 18 h, cells were 

lysed and luciferase activity was determined by chemiluminiscence using the 

dual luciferase assay kit (Promega) in a 20/20 n  luminometer (Turner Biosys-

tems). Computational analysis of the  LGALS1  locus (2,400 bp upstream to 

2,500 bp downstream to the start site) was performed with the publicly avail-

able version of MatInspector software (Genomatix). 

 ELISA.   Soluble Gal-1 was determined using an in-house ELISA. In brief, 

high binding 96-well microplates (Costar; Corning) were coated with cap-

ture Ab (2 μg/ml purifi ed rabbit anti–Gal-1 polyclonal IgG) in 0.1 M so-

dium carbonate, pH 9.5. After incubation for 18 h at 4°C, wells were rinsed 

three times with wash buff er (0.05% Tween-20 in PBS) and incubated for 

1 h at room temperature with blocking solution (2% BSA in PBS). 100 μl 

of samples and standards were diluted in 1% BSA and incubated for 18 h at 

4°C. Plates were then washed and incubated with 100 ng/ml biotinylated 

detection Ab (purifi ed rabbit anti–Gal-1 polyclonal IgG) for 1 h. Plates 

were rinsed three times before adding 0.33 μg/ml HRP-labeled streptavidin 

(Sigma-Aldrich) for 30 min. After washing, 100 μl TMB solution (0.1 mg/

ml tetramethylbenzidine and 0.06% H 2 O 2  in citrate-phosphate buff er, pH 

5.0) was added to the plates. The reaction was stopped by adding 4N 

H 2 SO 4 . Optical densities were determined at 450 nm in a Multiskan MS 

microplate reader (Thermo Fisher Scientifi c). A standard curve ranging 

from 2.5 to 160 ng/ml rGal-1 was run in parallel. Human soluble VEGF 

(DY293B) and human ANGPTL4 (DY3485) were determined using Duo 

set ELISA kits (R&D Systems). Oncostatin M was detected using a human 

ELISA kit (Ab100619; Abcam). 

 Confocal microscopy, immunohistochemistry, and TUNEL.   For 

immunostaining, mice were anesthetized and cardiac-perfused with PBS 

and 4% paraformaldehyde, and tissues were embedded in OCT. For con-

focal microscopy, the following primary Abs were used: rat anti-CD31 

(Mec13.3; BD; 1:100), rabbit anti–Gal-1 IgG (1:100), rat anti-LANA (Ad-

vanced Biotechnol; 1:1,000), mouse anti-F4/80 (BM8; eBioscience; 

1:100), rat anti-B220 (RA3-6B2 BD; 1:100), and rat anti-NK1.1 (PK136; 

BD; 1:200). Secondary Abs used were anti–rat IgG–Alexa Fluor 488 (Vec-

tor Laboratories; 1:500), anti–rat IgG–Texas red (Vector Laboratories; 

1:400), anti–rabbit IgG–Alexa Fluor 488 (Cell Signaling Technology; 

1:1,000), and anti–rabbit IgG–Alexa Fluor 555 (Cell Signaling Technol-

ogy; 1:1,000). Hypoxia was detected in vivo after injection of pimonida-

zole hydrochloride for 30 min after immunostaining with Hypoxyprobe-1 

plus kit (Natural Pharmacia). Apoptosis in vivo was determined using an in 

situ cell death detection kit (TUNEL; Roche) according to the manufac-

turer’s instructions. In vivo proliferation rate was determined using a 

Click-iT EdU Cell Proliferation Assay (C10337; Life Technologies). In 

brief, EdU was administered i.p. to mice 2 h before sacrifi ce. After forma-

lin fi xation, EdU was labeled with the Click-iT reaction cocktail according 

to the manufacturer’s instructions. Intestinal sections were used as positive 

control. For immunoperoxidase, paraffi  n-embedded human tumor sec-

tions were stained with rabbit anti–Gal-1 IgG as previously described 

( Juszczynski et al., 2007 ) using the Vectastain Elite ABC kit (Vector Labo-

ratories). These studies were approved by the Institutional Review Boards 

of the Hospital de Clínicas “José de San Martín” and the Institute of Biol-

ogy and Experimental Medicine. 

 Generation of anti–Gal-1 mAb.   The neutralizing anti–Gal-1 (F8.G7) mAb 

was generated and characterized as previously described ( Ouyang et al., 2011 ). 

control Ab (IgG2b � ). Capillary-like tubular structures were scored by 

counting the number of tubules (closed areas) per cm 2  in a phase-contrast 

microscope (E-100; Nikon). For migration assays, HUVECs (4 × 10 4  /

well) transfected or not with specifi c siRNA were resuspended in M199 

medium supplemented with 1% FCS. Cells were placed into the top 

chamber of the insert while the bottom well was fi lled with rGal-1 in the 

absence or presence of lactose, F8.G7 mAb, or isotype control or SFCM 

from KS cells (KS SFCM). After 24 h, inserts were stained with 0.1% crys-

tal violet solution (Sigma-Aldrich) and analyzed in an inverted microscope. 

For each fi lter, four images were collected and cells were counted with 

ImageJ software (1.440; National Institutes of Health). For proliferation 

assays, HUVECs that were transfected or not with specifi c siRNA were 

trypsinized, harvested, and seeded in 96-well microtiter plates (10 3  cells/

well). Cells were preincubated for 1 h at 37°C with rGal-1. After 24 h, 

cells were incubated for an additional 24 h in the presence of 0.8 μCi [ 3 H]-

thymidine (NEN Dupont). Cells were then harvested and radioactivity 

was measured in a 1414 Liquid Scintillation Counter (PerkinElmer). Inva-

sion assays were performed using the BioCoat Angiogenesis System (BD) 

according to the manufacturer’s recommendations. For assessment of in 

vivo angiogenesis, growth factor–reduced Matrigel (BD) was mixed with 

SFCM from KS cells infected or not with a retroviral vector expressing 

Gal-1–specifi c shRNA and cultured under hypoxic or normoxic condi-

tions. The mixture was then injected subcutaneously into the fl anks of ei-

ther wild-type or  Lgals1  � / �    mice or nude mice. Matrigel embedded with 

buff er alone was used as negative control, and a cocktail containing 50 ng/

ml VEGF, 50 U/ml heparin, and 2 ng/ml TNF was used as positive con-

trol. After 6 d, Matrigel plugs were collected by surgery, photographed, 

and weighed. Samples were minced and diluted in water to measure he-

moglobin content using the Drabkin reagent kit (Sigma-Aldrich). Each 

sample was normalized to 100 mg of recovered gel and confronted with a 

standard curve of mouse blood hemoglobin. 

 Immunoblotting.   Immunoblotting was performed essentially as previously 

described ( Ilarregui et al., 2009 ). In brief, equal amounts of protein were re-

solved by SDS-PAGE and blotted onto nitrocellulose membranes (GE 

Healthcare). After blocking, membranes were probed with rabbit anti–I � B-

 �  1:500 (C21; Santa Cruz Biotechnology, Inc.), rabbit anti-actin 1:2,000 (I-

19; Santa Cruz Biotechnology, Inc.), mouse anti–HIF-1 �  1:500 (MA1-516; 

Thermo Fisher Scientifi c), mouse anti–HIF-2 �  1:500 (NB100122; Novus 

Biologicals), and rabbit anti-C/EBP �  1:1,000 (2295; Cell Signaling Tech-

nology) Abs or 1.5 μg/ml of a rabbit anti–Gal-1 polyclonal IgG obtained and 

used as previously described ( Ilarregui et al., 2009 ). Blots were then incu-

bated with horseradish peroxidase (HRP)–labeled anti–rabbit or anti–mouse 

secondary Ab 1:3,000 (Bio-Rad Laboratories) and developed using Immobi-

lon chemiluminescent HRP substrate (Millipore). Protein bands were ana-

lyzed with ImageJ. 

 Real-time quantitative RT-PCR.   SYBR green PCR Master Mix was 

used with ABI PRISM 7500 Sequence Detection Software (all from Applied 

Biosystems). Primers used were: human Gal-1 forward, 5 � -TGAACCT-

GGGTAAAGACA-3 � ; and reverse, 5 � -TTGGCCTGGTCGAAGGTGAT-

3 � ; human RN18S1 forward, 5 � -CGGCCGGGGGCATTCGTATT-3 � ; 

and reverse, 5 � -TCGCTCTGGTCCGTCTTGCG-3 � ; human C2GnT-

1 forward, 5 � -CCTCCTGAGACTCCGGGGTCAGA-3 � ; and reverse, 

5 � -CTAGGCGGTCCGTGCCCTAGC-3 � ; human GnT5 forward, 

5 � -TGCCCCTGCCGGGACTTCAT-3 � ; and reverse, 5 � -CAGCAG-

CATGGTGCAGGGCT-3 � ; human GAPDH forward, 5 � -GAGTCAACG-

GATTTGGTCGT-3 � ; and reverse: 5 � -GACAAGCTTCCCGTTCTCAG-3 � ; 

KSHV RTA forward, 5 � -CAAGGTGTGCCGTGTAGAGA-3 � ; and re-

verse, 5 � -TCCCAAAGAGGTACCAGGTG-3 � ; KSHV GPCR forward, 

5 � -TGTGTGGTGAGGAGGACAAA-3 � ; and reverse: 5 � -GTTACTGC-

CAGACCCACGTT-3 � ; KSHV gB forward, 5 � -CTGGGGACTGT-

CATCCTGTT-3 � ; and reverse, 5 � -ATGCTTCCTCACCAGGTTTG-3 � ; 

and KSHV K8.1 forward, 5 � -CACCACAGAACTGACCGATG-3 � ; and 

reverse, 5 � -TGGCACACGGTTACTAGCAC-3 � . 
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