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Thalidomide, a drug known for its teratogenic side-effects, is used successfully to
treat a variety of clinical conditions including leprosy and multiple myeloma. Intense
efforts are underway to synthesize and identify safer, clinically relevant analogs. Here,
we conduct a preliminary in vivo screen of a library of new thalidomide analogs to
determine which agents demonstrate activity, and describe a cohort of compounds
with anti-angiogenic properties, anti-inflammatory properties and some compounds
which exhibited both. The combination of the in vivo zebrafish and chicken embryo
model systems allows for the accelerated discovery of new, potential therapies for
cancerous and inflammatory conditions.

INTRODUCTION

Thalidomide was first marketed in Germany in 1957
as a non-barbiturate, non-addictive, non-toxic sedative
which was also used to treat morning sickness in pregnant
women [1-4]. It was withdrawn from the world market
in late 1961 after it was found to be a potent teratogen
[2—4] having caused birth defects in over 10,000 children.
These children showed similar anatomical limb reduction
malformations including phocomelia, an absence or
reduction of the long bones in the forelimb, or amelia, a
complete absence of the forelimb [2, 4, 5]. Other commonly
seen phenotypic malformations were also documented
including eye, ear, heart, gastrointestinal and kidney
defects [2, 6-8]. The thalidomide disaster emphasized the
importance of thorough drug screening and the potential for
drug species specificity, as rodents were not susceptible to
thalidomide. As a direct result new candidate drugs are now
tested in at least two animal species (one of which must be
non-rodent) before clinical testing [9].

Thalidomide possesses anti-angiogenic actions in the
rabbit corneal micropocket assay [10], the rat aortic ring assay
(in the presence of human liver microsomes), and in in vitro
cultures of human umbilical vein endothelial cells (HUVECS),
[6, 11-15]. This action has been linked to the damage to
embryos following thalidomide exposure [3, 6, 8, 10].
Thalidomide also possesses immunomodulatory characteristics
[16, 17]. The immunological basis for the clinical efficacy of
thalidomide lies in its ability to inhibit the synthesis of tumor
necrosis factor alpha (TNF-a), a major inflammatory cytokine
[17, 18]. Thalidomide’s combined anti-angiogenic and anti-
inflammatory properties likely lead to its anti-cancer effects
and efficacy in the treatment of multiple myeloma [19, 20] as
well as documented activity in other cancers [21].

Given the efficacy of thalidomide analogs and
expanding clinical use, developing safer thalidomide
analogs with improved activity and less toxicity is a
continuing research effort. The novel analogs used in
the current study were designed around the tricyclic ring
structure of thalidomide. A library of 81 structural analogs
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were chemically synthesized and screened in the zebrafish
embryo and chicken embryo model systems. Our study
utilizes two established transgenic zebrafish reporter lines,
Sil:EGFP and Tg(mpo::EGFP)', to identify potential
anti-angiogenic and anti-inflammatory compounds,
respectively [12, 22-25]. Here we describe the 13 lead
compounds that exhibit either anti-angiogenic, anti-
inflammatory, or both, properties. The multiple zebrafish
assays, used in conjunction with the in ovo chicken
embryo assay, also help to provide a potential teratogenic
profile for each lead compound.

RESULTS

Anti-angiogenic thalidomide analogs disrupt
vessel formation in flil:EGFP zebrafish embryos

To determine if our novel thalidomide analogs
(Figure 1) had any effect on in vivo angiogenesis,
we used flil:EGFP embryos which express green
fluorescent protein (GFP) on endothelial cells throughout
development [22]. Embryos were allowed to develop for
24 hours, then exposed to either vehicle or a compound
of interest at the concentration range of 1 to 200 pg/mL.
During this time the vasculature is rapidly expanding and
developing new, naive intersegmental vessels (ISVs).
The embryos were imaged after 24 hours of incubation
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with the drug (Figure 2A). Compounds C4, C18, C81,
C82, C83 and C84 exhibited anti-angiogenic activity, as
indicated by loss of ISVs or inhibition of ISV outgrowth
in flil:EGFP zebrafish embryos (Figure 2B-2C). We
also observed that the potency of each compound varied.
Table 1 shows the lowest effective concentration of each
compound exhibiting a response. For example, C4 was
anti-angiogenic at 1.5 pg/mL (4.9 uM), as determined by
inhibition of vessel outgrowth and number. In contrast C81
only showed inhibitory activity at 50 pg/mL (161.07 uM).

Anti-inflammatory thalidomide analogs reduce
neutrophil migration in response to injury in the
Tg(MPO::EGFP)! zebrafish

To assess the immunomodulatory effects of the
thalidomide analogs across the concentration range
used in the previous assay, the transgenic zebrafish line
Tg(MPO::EGFP)!** was used. These embryos express GFP
tagged myeloperoxidase, marking neutrophils during the
inflammatory response, for example following injury [23,
24]. The inflammatory response in zebrafish embryos is
active from 3 days post fertilization [24] and can clearly
be demonstrated following removal of the dorsal third of
the tail fin. This allowed us to subsequently assess the anti-
inflammatory activity of each compound by immersing
embryos in the test drug or vehicle. The embryos were
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Figure 1: Structures of compounds of interest. Structures of lead thalidomide analogs of interest identified in our models.
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examined for migration of neutrophils to the wound site.
In comparison to control embryos (Figure 3A) compounds
with anti-inflammatory properties had reduction of at
least 50% of neutrophils recruited to the wound site
(Figure 3). Compounds C2, C7, C24, C29, C58, C59 and
C86 reduced neutrophil migration. We also screened the
previously identified six anti-angiogenic compounds of
interest in the Tg(MPO::EGFP)!" line. C18 and C82 were
seen to significantly reduce neutrophil migration, and thus
were classified as having both anti-angiogenic and anti-
inflammatory properties in these assays (Figure 3B).

All anti-angiogenic and some anti-inflammatory
compounds are teratogenic in the developing
chicken and zebrafish model systems

Compounds of interest were screened in chicken
and/or zebrafish embryos (Figure 4), to determine if
these compounds are teratogenic. The chicken embryo
is well established as a model to determine the action
of compounds upon development [6, 12, 23, 25-27].All
the identified anti-angiogenic compounds (Structures
in Supplementary Table S1) caused defects to the
embryos. Teratogenicity in the chicken embryo included
microphthalmia (compound C81), reduced body size
compared to control embryos (compound CI18), limb

CPS49

and digit defects (compound C82), and hemorrhaging
(compounds C4, C81, C83, C84, C24) (Table 2, Figure 4).
Chicken embryos treated with these compounds often had
abnormal blood vessels and necrotic-like regions in the
surrounding yolk sac membrane (compounds C4, C18,
C83, C24).

To determine the effects of the lead candidate
compounds on embryonic development, compounds were
tested in the developing zebrafish model during a stage
of rapid organogenesis (24 hpf) [23]. Anti-angiogenic
compounds caused developmental issues in the zebrafish
embryo, including reducing eye diameter (Figure 4C,
Figure 4G), pectoral fin outgrowth malformations (Figure
4D, Figure 4H) and twisted spines (Figure 4C).

Of the lead anti-inflammatory compounds, compounds
C24 and C29 exhibited developmental defects in chicken
embryos causing hemorrhaging and necrotic-like damage in
the YSM. Compounds C2, C7, C58, C59 and C86 had no
effect on chicken embryo development.

DISCUSSION

Thalidomide and its analogs are currently under
investigation for the treatment of a range of auto-immune
and inflammatory conditions, as well as certain cancers
[28]. The continued use of thalidomide has emphasized
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Figure 2: The effect of novel thalidomide analogs on vessel length. /li/:EGFP zebrafish were incubated with vehicle or
compounds for 24 hours, at which point vessel outgrowth and number were measured. A. Images of zebrafish exposed to the vehicle or test
compounds. Zebrafish with the vehicle (0.1% DMSO) show normal patterning of the ISVs, zebrafish exposed to CPS49 show reduction in
vessel outgrowth (white arrow), loss of vascular connectivity and a decrease in the number of forming blood vessels. Treatment with C4
(1.5 pg/mL), C18 (50 pg/mL), C81 (50 pg/mL), C82 (5 pg/mL), C83 (20 ng/mL) and C84 (50 ng/mL) show reduction in vessel out growth
(white arrow) and in some cases loss of vessel (white asterisks). B. Stalk length & C. stalk number are reduced. Compounds are shown at
the lowest concentration producing an effect. The data represent the mean + the standard error of the mean.
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Table 1: Lowest effective concentration determined for the 11 lead thalidomide analogs screened in each assay

Compound Assay
Ail:EGFP  TG(MPO::EGFP)"* WT Zebrafish Chicken
Activity (png/mL) (ng/mL) (ng/mL) (png/mL)
Anti-angiogenic 4 1.5 10 10 100
81 50 50 10 100
83 20 20 10 100
84 50 10 10 100
Anti-inflammatory 2 10 10 10 100
7 10 10 10 100
24 50 50 50 100
29 10 5 nd 100
58 10 5 5 100
59 10 100 100 50
86 10 100 nd 100
Both 18 50 50 50 100
82 5 5 5 100

Compounds were screened across a range of concentrations (1-200 pg/mL) to determine the lowest effective concentration.
Where no activity was seen the concentration shown is the lowest screened.

0.1% DMSO 150-

Neutrophil migration (%)

é\“ Treatment

Figure 3: The effect of thalidomide analogs on the inflammatory response to wound healing. A. Zebrafish (72 hpf) embryos
transgenic for a fluorescently tagged neutrophil marker Tg(MPO::EGFP)"* were fin clipped to induce an inflammatory response and
exposed to vehicle or a test compound. Broken line indicates the tail fin with cut and area of the wound site. B. The percentage of
neutrophils within the wound site was quantified and shows the extent of the inflammatory response to injury. The data represent the mean
+ the standard error of the mean.

the need for an alternative form of the drug with increased induced defects, which has increased efforts to design and
clinical potency and bioactivity, but with reduced side synthesize a non-teratogenic thalidomide analog [29-32].
effects. This need is further magnified by a recent We have assessed the in vivo actions of novel
resurgence of children born in Brazil with thalidomide- thalidomide analogs in zebrafish and chicken embryo
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Table 2: Damage seen in HH stage 17-18 chicken embryos when exposed to compounds of interest at 100 pg/mL

Compound Damage observed Survival (n)
C4 Necrotic YSM, hemorrhaging 1/10
C18 Necrotic YSM, stunted growth 4/6
C81 Hemorrhaging, microopthalmia, 3/12
C82 Limb reduction defect 3/8
C83 Necrotic YSM, hemorrhaging 2/4
C84 Hemorrhaging 2/4
C24 Necrotic YSM, hemorrhaging 2/4
C29 Twisted spines, hemorrhaging 7/11

model systems. Utilizing these assays we have screened 81
compounds and shown that a subset of analogs displayed
desirable actions at low concentrations in vivo. We have
selected 13 lead candidate compounds from these cohorts
based on their activity profiles.

Compounds C4, C18, C81, C82, C83 and C84 were
found to decrease vessel length or the number of sprouting
vessels at relatively low concentrations (1.5 pg/mL - 100 g/
mL), similar to concentration ranges used in other screening
studies [23, 25, 33]. Some compounds with anti-angiogenic
actions were found to induce death and defects within the
treated embryos, reflecting the importance of vascular
development for embryogenesis. This complements other
studies that suggest a primary cause of thalidomide-induced
birth defects may be incorrect patterning of the vasculature
in affected tissues [6, 12].

We identified several analogs with potent activity
against the inflammatory response in vivo at low
concentrations compared to previous studies of other
thalidomide analogs [23]. Of these compounds, C2, C7,
C58, C59 and C86 were found to be anti-inflammatory
without anti-angiogenic activities and were non-
teratogenic in these assays, and thus may be acting
independently of the mechanism that induces defects
in the developing embryo. Importantly, we cannot rule
out that at higher concentrations, or in other animal
models, they could be teratogenic. C58 was the most
effective analog at inhibiting the inflammatory response,
decreasing the migration of neutrophils to 10% of the
control (Figure 3). Interestingly, the structure of C58
(5-Aza-thalidomide) is very similar to pomalidomide, a
derivative of thalidomide with potent immunomodulatory
actions [34, 35]. However, unlike pomalidomide, C58
includes a pyridine ring. Whether this analog shares a
similar mechanism of action to pomalidomide remains to
be determined. Of additional note, C2 (2,3-dihydro-2-(2-
0x0-6-thioxo-3-piperidinyl)-3-thioxo-1H-isoindol-1-one)
also possessed significant anti-inflammatory action. This
agent, also known as 3,6'-dithiothalidomide, has been
shown to potently lower lipopolysaccharide (LPS)-
induced elevations in TNF-a in cultured RAW 264.7 cells

as well as in the plasma and brain of rats challenged with
systemic LPS [33, 36]. The compound also dramatically
mitigates neuroinflammation and improves outcome
measures in animal models of traumatic brain injury [37],
stroke [38], Alzheimer’s disease [33, 39, 40] and aneurysm
[41]. Together, these prior studies cross-validate the anti-
inflammatory actions evident within the present study.
While most anti-inflammatory compounds did not induce
embryonic defects, C24 and C29 caused some effects in
the developing chicken embryo including twisted spinal
cords, necrotic-like damage in the YSM and high death
rates. Thalidomide inhibits TNF-a expression which is
vital for the induction of an inflammatory response [42].
Given that TNF-a can be protective to rodent embryos
exposed to teratogenic insults [43] it may also be that a
reduction of TNF-o somehow impedes the development
of the chicken and zebrafish embryos. Further studies
elucidating this developmental mechanism would aid in
the use of chicken and zebrafish embryos for the screening
of developmental toxicity and embryotoxic potency of
compounds (e.g. other TNF-a inhibitors) during early drug
development. Reports on the risk of birth defects after
embryonic exposure to TNF-a inhibitors are contradictory,
with some indicating they may be teratogenic [44] and
other studies reporting their safety [45, 46]. It is important
to point out that thalidomide exerts its anti-inflammatory
effects through multiple pathways including TNF-a
and COX-2 inhibition. The fact that our current study
identified some anti-inflammatory thalidomide analogs
that produced mild defects (compared with thalidomide
embryopathy in humans) suggests that the effects of
thalidomide and its analogs on the embryos may involve
multiple targets. Using our screening models, we can
identify those that are potently anti-inflammatory analogs
but are non-teratogenic. Given the species specificity
of thalidomide and that animal studies do not always
correlate to human responses, extrapolation of this data
should be carried out with caution.

Several compounds from our library, such as C18
and C82, exhibited both anti-inflammatory and anti-
angiogenic properties in our assays (structures found in
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Supplementary Table 3). Tumors require a blood supply
to survive [47] and the tumor microenvironment includes
a high level of cytokine activity (including COX-2, TNF-a
and interleukins). Therefore, compounds inhibiting both
vessel formation and the inflammatory response may be
beneficial for anti-cancer therapy [48, 49].

potential. Studies are underway in our laboratory for
further testing in in vitro cellular and in vivo animal
models of various disease states as well as to delineate
the molecular mechanisms of the lead compounds. In
particular, if the compounds act by binding to cereblon,
a recently established molecular target of thalidomide,

The effects of novel thalidomide analogs in this

lenalidomide and pomalidomide [50, 51]. Given that
study provide primary data as evidence for their clinical

these compounds could be divided into distinct cohorts
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Figure 4: Defects seen in zebrafish and chicken embryos following thalidomide analog treatment A. Embryos with
exposure to a vehicle control show normal development of the eye (e), and B. pectoral fins (pf). Example of an anti-angiogenic compound
(C4, Figure 1) causing C. microopthalmia (white arrow; seen in list the compounds) and D. malformation in fin development (white
arrow). Exposure to an anti-inflammatory compound (C2, Figure 1) resulting in E. normal eye development and F. fin development. G. Eye
diameter and H. fin length were quantified and show anti-angiogenic compounds causing reductions in eye diameter (C4, C18, C82, C83,
C84) and pectoral fin length (C18, C81, C82). Compounds of interest were screened in chicken embryos at HH stage 17-18 (Day 2.5 in
embryonic development). I. Untreated, control images of an embryo in ovo with normal vascular patterns at HH stage 23 (Day 3.5); K. ex
ovo; M. eye O. forelimb and Q. hindlimb showing cartilage patterning (at day 9 of development). Typical examples of compound treated
embryos: J. anomaly in vasculature (white arrow) and necrosis (black arrow) of the YSM in a chicken embryo following treatment with
C23 (Supplementary Table S1). L. embryo exhibiting microopthalmia (asterix), limb reduction (white arrow) and hemorrhaging throughout
the body following treatment with C80 and (N) C81 (Figure 1) treated embryo with growth reduction and hemorrhaging throughout head
(white arrow). P. C11 treated limb with reduced elements (Asterisks represents a limb reduction defect). R. Missing digits and reduced
length of limb cartilage elements (Treated with C11, Supplementary Table S1). Scale bar represents 1000 um.
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based on their activities we hypothesized there may be
some correlation between the structural modifications
and their activity in these assays. To assess this across the
library of compounds we are conducting structure-activity
relationship studies. Due to the range of teratogenicity
seen in the developing chicken model system with some of
these thalidomide-related compounds, it will be interesting
to assess whether or not the compounds have a direct effect
on cells or if the anti-cancer action is purely mediated by
the inhibition of angiogenesis. While it has been shown in
previous studies that thalidomide exhibits multiple effects
[52], the compounds screened here will require additional
characterization to establish if they also exert sedative or
neurotoxic effects in addition to their anti-inflammatory
or anti-angiogenic properties. The iterative process of
continued synthesis and screening of thalidomide analogs
increases the chances of finding a form of the drug that
acts with tissue specificity, increased potency and reduced
unwanted effects.

MATERIALS AND METHODS

Zebrafish embryology

Zebrafish embryos were treated with analogs as
previously described [23]. Briefly, flil:EGFP embryos
were collected and embryos were allowed to develop
for 24 hours. Embryos were dechorionated manually
and exposed to test compounds or vehicle control (0.1%
DMSO) for a further 24 hours. Embryos were anesthetized
with 0.05% MS222 (Tricaine) (Sigma Aldrich) and live
visualization of blood vessels was carried out.

Tg(MPO::EGFP)'"* embryos were tail fin clipped
as previously detailed [23, 24] and incubated with
test compounds or vehicle control at 72 hpf. Fish
were imaged at 24 hours and the number of migratory
neutrophils present at the wound site were counted.
Compounds inducing an at least 50% reduction of
neutrophils to the wound site were considered to have
anti-inflammatory properties in this system.All larvae
were assessed for viability and morphological integrity.
A minimum of 10 embryos were used per concentration
per drug. Error bars represent standard error of the
mean.

Chicken embryology

Fertilized white leghorn chicken embryos were
incubated at 38°C and staged according to the Hamburger
and Hamilton (HH) stages of development [53]. Embryos
were tested at HH stage 17-18 (day 2.5). Following
membrane removal test compounds or vehicle control
solutions were applied over the embryo. The eggs were
sealed and the development of the embryos was monitored
up to HH stage 30 (E9). A minimum of 3 embryos were
used per concentration, per drug.

All embryo work was fully licensed and carried
out with ethical review permissions and following all
regulatory guidelines.

Thalidomide analogs

A broad series of novel thalidomide-based
compounds were chemically synthesized (WL, NHG
and WDF, NIH), dissolved in DMSO, stored in stock
concentrations between 10-100 mg/mL, and used at a
final working DMSO concentration of 0.1%. The chemical
structures of lead compounds of interest were confirmed
by chemical characterization (purity >99.5%). Compounds
were screened across a range of concentrations from 1-200
pg/mL to determine the lowest effective concentration.

Imaging and analysis

Imaging was performed using a Nikon MZ1500
fluorescent stereomicroscope with a Nikon DS-5 digital
camera and analyzed using Adobe photoshop and Image
J. Analysis was conducted using Prism 6.0 (GraphPad
Software, La Jolla, CA) and statistical significance was
assessed using two-tailed Student’s ¢ tests or ANOVA
analyses. Error bars represent standard error of the mean.

ACKNOWLEDGMENTS

The content of this publication does not necessarily
reflect the views or policies of the Department of Health
and Human Services, nor does mention of trade names,
commercial products, or organization imply endorsement
by the U.S. Government. flil:EGFP zebrafish were
obtained from the Zebrafish International Research
Center, USA [22]. Tg(MPO::EGFP)"“ zebrafish were
obtained from Dr Stephen Renshaw, University of
Sheffield, UK [24]. The authors would like to thank Chris
Mabhony for initial help in establishing the drug screening
assays, Alexandra J. Diamond for help with chicken egg
maintenance and tissue preparation, and Ariel M. Ley for
critical comments on this manuscript.

CONFLICTS OF INTEREST

Authors SLB, WL, NHG, WDF and NV are applying
for patents on the compounds used in this study; U.S. Patent
Application No. 62/235,105 filed September 30, 2015.

GRANT SUPPORT

This study was supported by a Wellcome Trust-NIH
PhD Studentship to SB, WDF and NV. Grant number
098252/Z/12/Z. SB, CHC and WDF are supported by the
Intramural Research Program, NCI, NIH. NHG and WL
are supported by the Intramural Research Program, NIA,
NIH.

www.impactjournals.com/oncotarget

Oncotarget



REFERENCES

10.

11.

12.

13.

14.

15.

17.

Lenz W. A short history of thalidomide embryopathy.
Teratology. 1988; 38: 203-215.

Smithells RW, Newman CG. Recognition of thalidomide
defects. Journal of Medical Genetics. 1992; 29: 716-723.

Vargesson N. Thalidomide-induced limb defects: resolving
a 50-year-old puzzle. Bioessays. 2009; 31: 1327-1336.

Lenz W, Knapp K. Foetal Malformations due to
Thalidomide. German Medical Monthly. 1962; 7: 253-258.

Ruffing L. Evalulation of thalidomide children. Birth
Defects Original Artical Series. 1977; 13: 287-300.

Vargesson N. Thalidomide-induced teratogenesis: history and
mechanisms. Birth Defects Research C. 2015; 105: 140-156.

Miller MT, Stromland K. Teratogen update: thalidomide: a
review, with a focus on ocular findings and new potential
uses. Teratology. 1999; 60: 306-321.

Vargesson N. Thalidomide Embryopathy: An enigmatic
challenge. ISRN Developmental Biology. 2013; Article ID:
241016. doi: http://dx.doi.org/10.1155/2013/241016.

Access date July 13, 2015; Available from: http://www.fda.gov/
Drugs/DevelopmentApprovalProcess/HowDrugsareDeveloped
andApproved/Approval Applications/InvestigationalNewDrug
INDApplication/ucm176522 . htm.

D'Amato RJ, Loughnan MS, Flynn E, Folkman J.
Thalidomide is an inhibitor of angiogenesis. Proceedings
of the National Academy of Sciences of the United States
of America. 1994; 91: 4082-4085.

Tamilarasan KP, Kolluru GK, Rajaram M, Indhumathy
M, Saranya R, Chatterjee S. Thalidomide attenuates nitric
oxide mediated angiogenesis by blocking migration of
endothelial cells. BMC Cell Biology. 2006; 7: 17.

Therapontos C, Erskine L, Gardner ER, Figg WD, Vargesson
N. Thalidomide induces limb defects by preventing
angiogenic outgrowth during early limb formation.
Proceedings of the National Academy of Sciences of the
United States of America. 2009; 106: 8573-8578.

Rashid A, Kuppa A, Kunwar A, Panda D. Thalidomide
(SHPP-33) microtubule
depolymerizes the microtubule network by binding at the

suppresses dynamics and
vinblastine binding site on tubulin. Biochemistry. 2015; 54:

2149-2159.

Bauer KS, Dixon SC, Figg WD. Inhibition of angiogenesis
by thalidomide requires metabolic activation, which is
species-dependent. Biochemical Pharmacology. 1998; 55:
1827-1834.

Ng SS, Brown M, Figg WD. Thalidomide, an antiangiogenic
agent with clinical activity in cancer. Biomedicine and
Pharmacothery. 2002; 56: 194-199.

Sheskin J. Thalidomide in the Treatment of Lepra
Reactions. Clinical Pharmacology and Therapeutics. 1965;
6:303-306.

Sampaio EP, Sarno EN, Galilly R, Cohn ZA, Kaplan G.
Thalidomide selectively inhibits tumor necrosis factor alpha

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

production by stimulated human monocytes. Journal of
Experimental Medicine. 1991; 173: 699-703.

Klausner JD, Freedman VH, Kaplan G. Thalidomide as an
anti-TNF-alpha inhibitor: implications for clinical use. Clinical
Immunology and Immunopathology. 1996; 81: 219-223.
Hideshima T, Raje N, Richardson PG, Anderson KC. A
review of lenalidomide in combination with dexamethasone
for the treatment of multiple myeloma. Journal of
Therapeutics and Clinical Risk Management. 2008; 4:
129-136.

Rajkumar SV. Thalidomide
Oncology. 2000; 14: 11-16.
Eleutherakis-Papaiakovou V, Bamias A, Dimopoulos MA.
Thalidomide in cancer medicine. Annals of Oncology.
2004; 15: 1151-1160.

Lawson ND, Weinstein BM. In vivo imaging of embryonic
vascular development wusing transgenic zebrafish.
Developmental Biology. 2002; 248: 307-318.

Mahony C, Erskine L, Niven J, Greig NH, Figg WD,
Vargesson N. Pomalidomide is nonteratogenic in chicken
and zebrafish embryos and nonneurotoxic in vitro.
Proceedings of the National Academy of Sciences of the
United States of America. 2013; 110: 12703-12708.

Renshaw SA, Loynes CA, Trushell DM, Elworthy S,
Ingham PW, Whyte MK. A transgenic zebrafish model of
neutrophilic inflammation. Blood. 2006; 108: 3976-3978.
Beedie SL, Peer CJ, Pisle S, Gardner ER, Mahony C,
Barnett S, Ambrozak A, Gutschow M, Chau CH, Vargesson
N, Figg WD. Anticancer Properties of a Novel Class of
Tetrafluorinated Thalidomide Analogues. Molecular Cancer
Therapeutics. 2015; 14: 2228-2237.

Knobloch J, Shaughnessy JD, Jr., Ruther U. Thalidomide
induces limb deformities by perturbing the Bmp/Dkk1/Wnt
signaling pathway. The FASEB Journal. 2007; 21: 1410-1421.
Siamwala JH, Veeriah V, Priya MK, Rajendran S, Saran U,
Sinha S, Nagarajan S, Pradeep T, Chatterjee S. Nitric oxide
rescues thalidomide mediated teratogenicity. Scientific
Reports. 2012; 2: 679.

Calabrese L, Fleischer AB. Thalidomide: current and
potential clinical applications. The American Journal of
Medicine. 2000; 108: 487-495.

Castilla EE, Ashton-Prolla P, Barreda-Mejia E, Brunoni D,
Cavalcanti DP, Correa-Neto J, DElgadillo JL, Dutra MG,
Felix T, Giraldo A, Juarez N, Lopez-Camelo JS, Nazer J
et al., Thalidomide, a current teratogen in South America.
Teratology. 1996; 54: 273-277.

Schuler-Faccini L, Soares RC, de Sousa AC, Maximino C,
Luna E, Schwartz IV, Waldman C, Castilla EE. New cases
of thalidomide embryopathy in Brazil. Birth Defects Research
Part A: Clinical and Molecular Teratology. 2007; 79: 671-672.
Vianna FS, Lopez-Camelo JS, Leite JC, Sanseverino MT,
Dutra MG, Castilla EE, Schuler-Faccini L. Epidemiological
surveillance of birth defects compatible with thalidomide
embryopathy in Brazil. PloS One. 2011; 6: 21735.

in multiple myeloma.

WWWwW

.impactjournals.com/oncotarget

33244

Oncotarget



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vianna FS, Schuler-Faccini L, Leite JC, de Sousa
SH, da Costa LM, Dias MF, Morelo EF, Doriqui MJ,
Maximino CM, Sanseverino MT. Recognition of the
phenotype of thalidomide embryopathy in countries
endemic for leprosy: new cases and review of the main
dysmorphological findings. Clinical Dysmorphology.
2013; 22: 59-63.

Tweedie D, Ferguson RA, Fishman K, Frankola KA, Van
Praag H, Holloway HW, Luo W, Caracciolo L, Russo I,
Barlati S, Ray B, Lahiri DK et al. Tumor necrosis factor-alpha
synthesis inhibitor 3,6"-dithiothalidomide attenuates markers of
inflammation, Alzheimer pathology and behavioral deficits in
animal models of neuroinflammation and Alzheimer's disease.
Journal of Neuroinflammation. 2012; 9: 106.

Offidani M, Corvatta L, Caraffa P, Leoni P, Pautasso C,
Larocca A, Palumbo A. Pomalidomide for the treatment
of relapsed-refractory multiple myeloma: a review of
biological and clinical data. Expert Review of Anticancer
Therapy. 2014; 14: 499-510.

Summers BB, Cole SW, Olin JL. Pomalidomide for the
management of refractory multiple myeloma. American
Journal of Health System Pharmacy. 2014; 71: 1443-1448.

Belarbi K, Jopson T, Tweedie D, Arellano C, Luo W, Greig
NH, Rosi S. TNF-alpha protein synthesis inhibitor restores
neuronal function and reverses cognitive deficits induced by
chronic neuroinflammation. Journal of Neuroinflammation.
2012;9: 23.

Baratz R, Tweedie D, Wang JY, Rubovitch V, Luo W,
Hoffer BJ, Greig NH, Pick CG. Transiently lowering
factor-alpha synthesis ameliorates
neuronal cell loss and cognitive impairments induced
by minimal traumatic brain injury in mice. Journal of
Neuroinflammation. 2015; 12: 45.

Yoon JS, Lee JH, Tweedie D, Mughal MR, Chigurupati
S, Greig NH, Mattson MP. 3,6'-dithiothalidomide
improves experimental stroke outcome by suppressing

tumor necrosis

neuroinflammation. Journal of Neuroscience Research.
2013; 91: 671-680.

Russo I, Caracciolo L, Tweedie D, Choi SH, Greig
NH, Barlati S, Bosetti F. 3,6'-Dithiothalidomide, a new
TNF-alpha synthesis inhibitor, attenuates the effect
of Abetal-42
hippocampal neurogenesis and memory deficit. Journal of
Neurochemistry. 2012; 122: 1181-1192.

Gabbita SP, Srivastava MK, Eslami P, Johnson MF,
Kobritz NK, Tweedie D, Greig NH, Zemlan FP, Sharma
SP, Harris-White ME. Early intervention with a small
molecule inhibitor for tumor necrosis factor-alpha prevents

intracerebroventricular injection on

cognitive deficits in a triple transgenic mouse model of
Alzheimer's disease. Journal of Neuroinflammation. 2012;
9:99.

Starke RM, Chalouhi N, Jabbour PM, Tjoumakaris SI,
Gonzalez LF, Rosenwasser RH, Wada K, Shimada K, Hasan
DM, Greig NH, Owens GK, Dumont AS. Critical role of

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

TNF-alpha in cerebral aneurysm formation and progression
to rupture. Journal of Neuroinflammation. 2014; 11: 77.

Moreira AL, Sampaio EP, Zmuidzinas A, Frindt P, Smith
KA, Kaplan G. Thalidomide exerts its inhibitory action
on tumor necrosis factor alpha by enhancing mRNA
degradation. The Jounral of Experimental Medicine. 1993;
177: 1675-1680.

Torchinsky A, Shepshelovich J, Orenstein H, Zaslavsky Z,
Savion S, Carp H, Fein A, Toder V. TNF-alpha protects
embryos exposed to developmental toxicants. American
Journal of Reproductive Immunology. 2003; 49: 159-168.
Weber-Schoendorfer C, Oppermann M, Wacker E, Bernard
N, network of French pharmacovigilance ceners, Beghin D,
Cuppers-Maarschalkerweerd B, Richardson JL, Rothuizen
LE, Pistelli A, Malm H, Eletheriou G, Kennedy D et al.
Pregnancy outcome after TNF-alpha inhibitor therapy during
the first trimester: a prospective multicentre cohort study.
British Journal of Clinical Pharmacology. 2015; 80: 727-739.
Crijns HJ, Jentink J, Garne E, Gispen-de Wied CC, Straus
SM, de Jong-van den Berg LT, EUROCAT Working
Group. The distribution of congenital anomalies within
the VACTERL association among tumor necrosis factor
antagonist-exposed pregnancies is similar to the general
population. Journal of Rheumatology. 2011; 38: 1871-1874.
Nielsen OH, Loftus EV, Jr., Jess T. Safety of TNF-alpha
inhibitors during IBD pregnancy: a systematic review.
BMC Medicine. 2013; 11: 174.

Folkman J. Role of angiogenesis in tumor growth and
metastasis. Seminars in Oncology. 2002; 29: 15-18.
Dermond O, Ruegg C. Inhibition of tumor angiogenesis
by non-steroidal anti-inflammatory drugs:
mechanisms and therapeutic perspectives. Drug Resistance
Update. 2001; 4: 314-321.

Burkholder B, Huang RY, Burgess R, Luo S, Jones VS,
Zhang W, Lv ZQ, Gao CY, Wang BL, Zhang YM, Huang
RP. Tumor-induced perturbations of cytokines and immune
cell networks. Biochimica et Biophysica Acta. 2014; 1845:
182-201.

Ito T, Ando H, Suzuki T, Ogura T, Hotta K, Imamura Y,
Yamaguchi Y, Handa H. Identification of a primary target of
thalidomide teratogenicity. Science. 2010; 327: 1345-1350.
Lopez-Girona A, Mendy D, Ito T, Miller K, Gandhi AK,
Kang J, Karasawa S, Carmel G, Jackson P, Abbasian
M, Mahmoudi A, Cathers B, Rychak E, et al. Cereblon
is a direct protein target for immunomodulatory
and antiproliferative activities of lenalidomide and
pomalidomide. Leukemia. 2012; 26: 2326-2335.

Matthews SJ, McCoy C. Thalidomide: a review of approved
and investigational uses. Clinical Therapeutics. 2003; 25:
342-395.

Hamburger V, Hamilton HL. A series of normal stages in

emerging

the development of the chick embryo. 1951. Developmental
dynamics. 1992; 195: 231-272.

WWWwW

.impactjournals.com/oncotarget

33245

Oncotarget



