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ABSTRACT
Neuroblastoma is the most common malignancy in infants. Overexpression of the epidermal growth
factor receptor (EGFR) in neuroblastoma tumors underlies resistance to chemotherapeutics. UBE4B, an
E3/E4 ubiquitin ligase involved in EGFR degradation, is located on chromosome 1p36, a region in which
loss of heterozygosity is observed in approximately one-third of neuroblastoma tumors and is correlated
with poor prognosis. In chemoresistant neuroblastoma cells, depletion of UBE4B yielded significantly
reduced cell proliferation and migration, and enhanced apoptosis in response to EGFR inhibitor,
Cetuximab. We have previously shown that UBE4B levels are inversely correlated with EGFR levels in
neuroblastoma tumors. We searched for additional targets of UBE4B that mediate cellular alterations
associated with tumorogenesis in chemoresistant neuroblastoma cells depleted of UBE4B using reverse
phase protein arrays. The expression of STAT5a, an effector protein downstream of EGFR, doubled in the
absence of UBE4B, and verified by quantitative immunoblotting. Chemoresistant neuroblastoma cells
were treated with SH-4-54, a STAT5 inhibitor, and observed insignificant effects on cell proliferation,
migration, and apoptosis. However, SH-4-54 significantly enhanced the anti-proliferative and anti-
migratory effects of Cetuximab in naïve SK-N-AS neuroblastoma cells. Interestingly, in UBE4B depleted
SK-N-AS cells, SH-4-54 significantly potentiated the effect of Cetuximab rendering cells increasingly
sensitive an otherwise minimally effective Cetuximab concentration. Thus, neuroblastoma cells with low
UBE4B levels were significantly more sensitive to combined EGFR and STAT5 inhibition than parental
cells. These findings may have potential therapeutic implications for patients with 1p36 chromosome
LOH and low tumor UBE4B expression.
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Introduction

Neuroblastoma is the most common extracranial solid tumor in
children1 and infants.2 Treatments for neuroblastoma include
surgical resection, radiation therapy, and myeloablative therapy
combined with bone marrow transplant.2 However, over 70% of
children with neuroblastoma are diagnosed after metastasis has
occurred, making a complete surgical cure unlikely.3 For chil-
dren with a relapsed neuroblastoma, the treatment options are
limited because tumor cells rapidly develop resistance to con-
ventional chemotherapeutics.4 Relapsed cancers often develop
resistance mechanisms that use drug efflux pumps, DNA repair
mechanisms, or increased intracellular signaling to enhance
their resistance to conventional treatment.5 Two common cel-
lular resistance mechanisms include an increase in the number
of cell surface growth factor receptors and/or enhanced activa-
tion of downstream growth factor signaling pathways that result
in uncontrolled cell proliferation, migration, and metastasis.6-8

Epidermal growth factor receptor (EGFR) plays a role in
cancer initiation and progression.9-11 EGFR is overexpressed in

many neuroblastoma tumors12 and typically results in poor
outcomes.7,13-15 EGFR expression and signaling are regulated
by endocytic trafficking.16,17 Upon ligand binding and receptor
dimerization, the EGFR is internalized from the plasma mem-
brane, moves through the endocytic pathway, and sorted at the
late endosome/multivesicular body (MVB) either for degrada-
tion uponMVB-lysosome fusion or for recycling back to the cell
surface for continued proliferative signalling.16-19 Ubiquitination
of membrane proteins on the limiting endosomal membrane
regulates internalization into internal vesicles (ILVs) of the
MVB,12,20 an important step that determines the subsequent
itinerary of the EGFR.21-25 EGFR ubiquitination and subsequent
lysosomal degradation can regulate the amount of EGFR on the
cell surface and thereby modulates EGFR-mediated signaling.7

Interestingly, EGFR inhibitors have not proven efficacious in
neuroblastoma patients.26 Moreover, the EGFR inhibitor
Cetuximab7 and the EGFR tyrosine kinase inhibitor Erlotinib,
are ineffective in inhibiting neuroblastoma cell proliferation.7,27

The Ubiquitin Conjugating factor E4B (UBE4B) is a cytosolic
E3/E4 ubiquitin ligase20,28 localized on chromosome 1p36 in
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a region that has a loss of heterozygosity (LOH) in about one-
third of neuroblastoma patients.29 UBE4B regulates the endoso-
mal trafficking of EGFR25 and UBE4B levels are inversely pro-
portional to EGFR levels in neuroblastoma tumors.7 LowUBE4B
protein expression is also correlated with low cellular differentia-
tion in neuroblastoma tumors.14 Tumor UBE4B levels are also
inversely proportional to the length of survival for neuroblas-
toma patients7 implicating UBE4B in neuroblastoma.

In tumor cell lines, transient depletion of UBE4B results in an
increase in EGFR levels and activation of the downstreamMAPK/
ERK signaling pathway,20 while overexpression of UBE4B
decreases EGF-stimulated proliferation.7 Overexpression of
a UBE4B point mutant lacking ligase activity, UBE4BP1140A,
decreases EGFRdegradation.7,20 These data suggest a link between
EGFR and UBE4B whereby decreased UBE4B expression, or
inactivation of its enzyme activity, results in increased levels of
EGFR and enhanced cellular proliferation10 and implicates
UBE4B regulation of EGFR trafficking in neuroblastoma prolif-
eration. Increased EGFR levels are linked with chemoresistance.30

We hypothesized that decreased levels of UBE4B, would render
resistant neuroblastoma cellsmore sensitive to therapeutics target-
ing the EGFR. We reasoned that the increased levels of EGFR
produced when UBE4B is depleted may provide an increased
number of targets for drugs such as Cetuximab, a monoclonal
antibody-based therapeutic that specifically targets the EGFR
ectodomain,10,31,32 and therefore improve its ability to inhibit
proliferation and migration of resistant neuroblastoma cells.

We observed that Cetuximab reduced cellular proliferation in
neuroblastoma cells depleted of UBE4B but did not significantly
inhibit proliferation in parental neuroblastoma cells. To examine
additional potential targets thatmaymediate the effects revealed in
UBE4B-depleted tumor cells, a reverse phase protein array screen
on UBE4B depleted chemoreisitant neuroblastoma cells was per-
formed revealing a number of proteins whose levels were altered
compared to control cells. Interestingly, the expression of STAT5a,
an effector protein downstream of EGFR, doubled in the absence
of UBE4B compared to parental cells and those treated with
a scrambled ShRNA, an observation verified by quantitative
immunoblotting. We targeted both EGFR and STAT5 in neuro-
blastoma cells using single agents alone (Cetuximab and the
STAT5 inhibitor SH-4-54), or concurrently, and found that the
combination of EGFR and STAT5 inhibition significantly reduced
proliferation and migration of UBE4B-depleted neuroblastoma
cells whereas either drug alone had minimal anti-proliferative or -
migratory effect in control cells. UBE4B depletion also revealed an
apoptotic effect of EGFR+STAT5 inhibition that was not observed
in control cells. These findings offer potential therapeutic implica-
tions for neuroblastoma patients with 1p36 LOH and low tumor
UBE4B expression.

Results

SK-N-AS and SK-N-BE(2) are resistant and LAN5 and
CHP134 are sensitive neuroblastoma cell lines

The relative sensitivity or resistance of commonly used neuro-
blastoma cell lines to chemotherapeutics has been previously
described,33 however, cross-lab variability because of cell passage
number, culture conditions, drug formulation variability, and

assay variability can affect these results.34 Therefore, to determine
which neuroblastoma cell lines were relatively resistant to che-
motherapeutics, we examined the sensitivity of seven neuroblas-
toma cell lines (Figure 1) to five chemotherapeutics using the
MTT metabolic activity assay. The concentration of drug that
inhibits proliferation by 50% (IC50) was calculated for each drug
in each cell line. These data revealed that SK-N-AS and SK-N-BE
(2) cell lines were the most resistant, and LAN5 and CHP134 cells
lines were the most sensitive to an array of chemotherapeutics
(Figure 1).

Depletion of UBE4B in SK-N-AS results in increased EGFR
levels and increased anti-proliferative responses to
Cetuximab

We hypothesized that, since UBE4B promotes the degradation
of the EGFR,20 resistant cell lines that are depleted of UBE4B
might become more sensitive to EGFR inhibition because of the
increased EGFR expression. UBE4B was depleted in SK-N-AS
cells using a lentiviral-delivered shRNA against UBE4B followed
by antibiotic selection. Following one week of selection, we
observed nearly undetectable levels of UBE4B in SK-N-AS cells
infected with shUBE4B virus compared to scrambled virus or
parental SK-N-AS cells (Figure 2(a)). In agreement with our
previous data12 we observed a two-fold increase in EGFR levels
following UBE4B depletion in SK-N-AS cells20 (Figure 2(b)).

Increased EGFR levels promote cell proliferation in
neuroblastoma35 and are correlated with poor patient
outcomes.7,27 We examined whether the increase in EGFR
expression observed in chemoresistant neuroblastoma cells that
were depleted of UBE4B might improve the ability of the anti-
EGFR antibody, Cetuximab11 to inhibit cell proliferation.
Treatment of UBE4B-depleted SK-N-AS cells with Cetuximab
significantly inhibited cell proliferation compared to the effect of
Cetuximab on parental cells (Figure 2(d)). Control experiments
revealed that Cetuximab did not significantly affect the prolif-
eration of parental SK-N-AS cells or SK-N-AS cells infected with
a scrambled shRNA (Figure 2(e)). These data suggest that
UBE4B depletion and subsequent increase in EGFR expression
render resistant neuroblastoma cells more sensitive to the che-
motherapeutic Cetuximab.

Depletion of UBE4B in SK-N-AS cells results in an increase
in STAT5a expression

To examine whether UBE4B-depletion affects the expression
of proteins that may be related to tumorigenesis we compared
the reverse phase protein array (RPPA) profiles of parental
SK-N-AS cells to SK-N-AS cells that had been depleted of
UBE4B using a UBE4B specific shRNA or SK-N-AS cells
infected with a scrambled shRNA (Figure 3). The RPPA
screen yielded quantitative data on 305 proteins linked to
cancer proliferation, metastasis, and signaling (https://www.
mdanderson.org/research/research-resources/core-facilities
/functional-proteomics-rppa-core.html). We observed that the
levels of 57 proteins increased by two-fold or more (Figure 4
(a)) and 26 proteins decreased by 50% or more (Figure 4(b)).
As an internal control, EGFR was included in the analysis and
RPPA confirmed a two-fold increase in EGFR which we
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verified using immunoblotting (Figure 2(a)), consistent with
our previous studies.7,12,20 Interestingly, RPPA analysis also
revealed a two-fold increase in STAT5a levels that we

confirmed by quantitative immunoblotting (Figure 4(c,d)).
STAT5a is a member of the Jak/STAT signaling pathway
activated by EGFR.36 These data suggest that depletion of

Figure 1. The proliferation of neuroblastoma cell lines in response to five commonly used chemotherapeutics. Seven different neuroblastoma cell lines were treated
with various chemotherapeutic agents. The inhibitory concentrations required for 50% inhibition of proliferation (IC50) in vitro 72 hours following drug treatment
were assessed as a means to compare the relative resistance of these cell lines to various chemotherapeutic agents. SK-N-AS and SK-N-BE(2) (blue and red,
respectively) were generally more resistant to most drugs tested in that higher concentrations of chemotherapeutics were required for inhibition of proliferation.
LAN5 and CHP134 (purple and orange) were generally more sensitive to most chemotherapeutics in that lower drug concentrations were required to inhibit
proliferation. Graphs show the mean ± S.E.M. from at least three independent trials. Comparisons were made using ANOVA with post hoc Tukey test. * denotes
p < .05, ** denotes p < .01, *** denotes p < .001.
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UBE4B in SK-N-AS cells can affect the levels of multiple
proteins involved in EGFR-mediated signaling.

Depletion of UBE4B enhances the anti-proliferative effect
of Cetuximab

The increase in STAT5a levels observed after UBE4B deple-
tion in SK-N-AS cells is of interest because of the role that
STAT5 plays in proliferative cancers,37-39 tumor cell
migration,40 and because its constitutive activation can con-
tribute to resistance to chemotherapy and EGFR-inhibitor
mediated inhibition of proliferation.41 We hypothesized that
simultaneous targeting of both EGFR and STAT5 may be
more effective at inhibiting SK-N-AS proliferation than either
agent alone.

Parental neuroblastoma SK-N-AS cells were treated with
Cetuximab and cell proliferation was measured. Cetuximab
had no significant effect on proliferation of parental SK-N-AS
cells or those that had been infected with the scrambled shRNA
although the drug significantly inhibited proliferation of SK-
N-AS cells that had been depleted of UBE4B (Figure 5(a)). Both
the tyrosine kinase inhibitor, Erlotinib (Figure 5(c)) and the
STAT5 inhibitor, SH-4-54, had no significant effect on SK-
N-AS cell proliferation in either parental SK-N-AS cells or
those infected with a lentivirus containing a scrambled or
UBE4B-specific shRNA (Figure 5(f)). The proliferation of SK-

N-AS cells was also not affected by treatment with the diluent
used for drug dilution (Figure 5(e)). However, the combination
of Cetuximab and SH-4-5-4 resulted in an increased anti-
proliferative effect compared to either agent alone only in SK-
N-AS cells that had been depleted of UBE4B (Figure 5(b)). The
enhanced sensitivity of SK-N-AS cells to Cetuximab in combi-
nation with SH-4-54 was not observed when SH-4-54 was
combined with the EGFR tyrosine kinase inhibitor Erlotinib
(Figure 5(d)).

The anti-proliferative effect of the Cetuximab/SH-4-54
combination is enhanced in UBE4B-depleted
neuroblastoma cells

While neither Cetuximab or SH-4-54 inhibited proliferation of
parental SK-N-AS cells (Figure 6, left bars), Cetuximab inhibited
SK-N-AS cell proliferation in UBE4B-depleted (Figure 6 right
bars, green vs blue or red), but not control (parental cells or
parental cells infected with a scrambled shRNA) cells (Figure 6
left and middle bars, green vs blue or red). STAT5 inhibition
alone had no significant effect on SK-N-AS cell proliferation (red
vs blue bars). Interestingly, the combination of Cetuximab and
SH-4-54 significantly reduced proliferation of parental SK-N-AS
cells (Figure 6 left bars). We hypothesized that depletion of
UBE4B may enhance the anti-proliferative effect of the SH-
4-54+Cetuximab combination on SK-N-AS cells and we

Figure 2. Depletion of UBE4B reveals an inhibitory effect of Cetuximab on neuroblastoma cell proliferation in vitro. (a) Two different shRNAs (shRNA1, shRNA2) were
delivered to SK-N-AS neuroblastoma cells using lentiviruses resulting in undetectable levels of UBE4B. (b) Depletion of UBE4B resulted in a concomitant increase in
EGFR as previously described (Sirisaengtaksin et. al. 2014). (c) Proliferation of parental SK-N-AS cells (blue circles) or those infected with lentivirus encoding
a scrambled shRNA (red squares) or an shRNA targeting UBE4B (green triangles) was similar. However, Cetuximab significantly inhibited proliferation only when
UBE4B was depleted (d) compared to parental cells and those infected with a scrambled shRNA measured using an MTT assay (n = 3). Graphs (b-d) show the mean
±/- S.E.M. from three independent trials. Comparisons were made using ANOVA with post hoc Dunnett multiple comparison test. * denotes p < .05, ** denotes
p < .01, *** denotes p < .001.
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Figure 3. Reverse phase protein analysis (RPPA) was used to screen levels of 305 proteins associated with tumorgenesis in SK-N-AS cells that had been depleted of
UBE4B using a UBE4B specific shRNA or SK-N-AS cells infected with a scrambled shRNA. Complete dataset showing the levels of 57 proteins that increased by two-
fold or more (Figure 3(a)) and 26 proteins that decreased by 50% or more (Figure 3(b)). [Please see methods for details on methodology and (https://www.
mdanderson.org/research/research-resources/core-facilities/functional-proteomics-rppa-core.html)].
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observed that the combination of SH-4-54 +Cetuximab has
a significantly larger anti-proliferative effect in UBE4B-
depleted SK-N-AS neuroblastoma compared to parental cells
or cells expressing a scrambled shRNA (Figure 6 right bars
compared to left bars). These data suggest that low tumor
UBE4B levels may render resistant neuroblastoma cells more
sensitive to combination therapy targeting EGFR and STAT5a.

Cetuximab and the STAT5 inhibitor SH-4-54 inhibit
neuroblastoma cell migration

One of the challenges in treating stage 4 neuroblastoma is that
the disease often has metastasized to other organs prior to
diagnosis.3 Cell migration is an initial step in the metastatic
process42 and is regulated by EGFR activation and down-
stream signaling cascades.43 We used a trans-well model to
determine whether EGFR and STAT5a inhibition might affect
tumor cell migration in neuroblastoma cells that are UBE4B
depleted.

UBE4B-depleted SK-N-AS cells and control cells (parental
cells and cells transfected with a scrambled shRNA) were pre-
treated for 24 hours with a combination of Cetuximab and

SH-4-54. Cetuximab and SH-4-54 alone did not significantly
affect the migration of parental, scrambled, or UBE4B-
depleted cells (Figure 7). However, the combination of
Cetuximab and SH-4-54 significantly reduced trans-well
migration in UBE4B-depleted SK-N-AS cells when compared
to the effect of the combination in parental and scrambled
control cells (Figure 7). These data suggest that in neuroblas-
toma cells with low levels of UBE4B, the combination of
Cetuximab and SH4-54 may reduce tumor cell migration
and may therefore inhibit tumor metastasis.

Simultaneous inhibition of both EGFR and STAT5
enhances the apoptosis of chemoresistant neuroblastoma
cells

The decrease in cell proliferation produced by EGFR and
STAT5 inhibition may be a result of increased cellular apop-
tosis. UBE4B-depleted SK-N-AS cells, parental cells, or cells
transfected with a scrambled shRNA were treated with the
drugs Cetuximab and SH-4-54, either individually or in com-
bination, to determine whether EGFR and STAT5 inhibition
affect cellular apoptosis. Using an assay that measures caspase

Figure 4. Reverse Phase Protein Array (RPPA) was used to quantitatively measure changes in levels of 305 cancer-associated proteins following UBE4B depletion in
neuroblastoma SK-N-AS cells. Protein levels were either increased (a) or decreased (b) relative to parental SK-N-AS or SK-N-AS cells infected with a scrambled shRNA.
A positive control (EGFR) was included in the analysis and its levels were increased as previously described (Sirisaengtaksin et al 2014; and see Figure 2) (c-d) STAT5a,
increased in levels according to the RPPA analysis (a) and this increase was confirmed with quantitative immunoblotting in UBE4B-depleted SK-N-AS cells (c-d).
(n = 3). D. Graph shows the mean ±/- S.E.M. Comparisons were made using ANOVA with post hoc Dunnett multiple comparison test. ** denotes p < .01.
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3 and 7 activation, we calculated the ratio of caspase 3 and 7
activated cells to the total number of cells as an indicator of
cellular apoptosis (Figure 8). Apoptotic activity was signifi-
cantly increased in SK-N-AS cells that were treated with the
combination of SH-4-54 and Cetuximab (15.3 ± 2.3% GFP
positive) when compared with apoptosis in cells treated with
SH-4-54 (4.3 ± 2.0%), or Cetuximab (5.4 ± 2.1%) compared to
vehicle treated cells (2.2 ± 0.6% GFP positive cells). These data
suggest that SH-4-54 enhances the effect of Cetuximab on
apoptosis in SK-N-AS cells that are depleted of UBE4B.

Discussion

The UBE4B gene is located on chromosome 1p36, a region in
which loss of heterozygosity is observed in approximately
one-third of neuroblastoma tumors and is correlated with
poor prognosis.44-46 The UBE4B gene is one of a small num-
ber of genes lying within the region of 1p36 that is associated
with neuroblastoma.12,44,47 UBE4B protein expression is
reduced in high-stage tumors and is correlated with poor
patient outcomes48,49 . The correlation between patient out-
comes and UBE4B expression suggest that UBE4B may play

Figure 5. Proliferation of wild type, scrambled, and UBE4B-depleted SK-N-AS neuroblastoma cells measured following treatment with either (a) Cetuximab alone, (c)
Erlotinib alone, (b) a combination of Cetuximab with the STAT5 inhibitor, SH-4-54 (d) or a combination of Erlotinib with SH-4-54. Controls included treatment with
the vehicle alone (e) or the STAT5 inhibitor SH-4-54 (f). Proliferation was assessed using an MTT assay every 24 hrs for 72 hrs. Percent proliferation is determined by
dividing absorbance at day 1, 2, or 3 by the absorbance taken at day 0 (prior to drug administration) (n = 3). All data points and the mean ± S.E.M. are displayed for
each time point and reflect the average of three independent trials. Comparisons were made using ANOVA with post hoc Dunnett multiple comparison test. *
denotes p < .05, ** denotes p < .01, *** denotes p < .001.
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a role in neuroblastoma, although the mechanisms and the
relationship between UBE4B and neuroblastoma tumorigen-
esis are unknown.

We have previously reported that UBE4B is required for
efficient degradation of the EGFR,7,20,25 and that in patient
tumor samples UBE4B expression is inversely related to EGFR
protein expression,7 signaling,20 and cellular differentiation.14

Thus, the decreased UBE4B levels resulting from an LOH on
chromosome 1p36 may affect cellular EGFR levels by regulat-
ing the EGFR degradation pathway7 and result in increased
proliferation. In the present study, we examined whether low
UBE4B levels affected the sensitivity of chemoresistant neuro-
blastoma cells to therapeutics targeted toward the EGFR.
Since depletion of UBE4B increases cellular EGFR levels, we
hypothesized that the sensitivity of neuroblastoma cells to
EGFR targeted treatments may be enhanced because of the
additional EGFR targets expressed on the tumor cells.
However, in addition to altered EGFR trafficking and down-
stream signaling,12 low UBE4B levels may affect other targets.
We therefore used reverse phase protein array (RPPA) to
examine the effect of UBE4B depletion on levels of other
oncogenic proteins.

We have previously shown that EGFR levels are increased
when UBE4B is depleted and that inefficient endocytic traf-
ficking of EGFR likely underlies this increase.20 We observed
that chemoresistant neuroblastoma cells that had been
depleted of UBE4B became sensitive to Cetuximab. This is
interesting because Cetuximab has not shown therapeutic
benefit in pediatric solid tumors.50 Since, we observed that
the antiproliferative effect of Cetuximab is only observed in
cells depleted of UBE4B, we hypothesize that that while
Cetuximab may not be effective for all neuroblastoma

patients, it may have benefit for those with low UBE4B
tumor levels. Therefore, selection of patients based on either
1p36 LOH, or genetic/biochemical evaluation of resected
tumors, may reveal a group of neuroblastoma patients for
whom Cetuximab may be beneficial.

While many proteins were altered in neuroblastoma cells
following UBE4B depletion, we observed a two-fold increase
in STAT5 following depletion of UBE4B. The Jak/STAT path-
way underlies proliferation in several cell types51-54 and is
downstream of EGFR,36,55 making this finding potentially
interesting.36 STAT5 has been pharmacologically targeted in
treatments for breast cancer,56 prostate cancer,39 and
leukemia.57 Likewise, EGFR has been targeted with both anti-
bodies and small molecule inhibitors in many cancer types,
including non-small-cell lung cancer,58 metastatic colorectal
cancer,59,60 head and neck cancer,61 pancreatic cancer,9 and
breast cancer.62 Because EGFR and STAT5 lie in the same
pathway, we tested whether depletion of UBE4B in chemore-
sistant neuroblastoma cells could increase the sensitivity of
these cells to inhibition of proliferation by inhibiting STAT5
signaling. We observed that a combination of EGFR and
STAT5 inhibition decreased neuroblastoma proliferation and
increased apoptotic cell death in the chemoresistant neuro-
blastoma tumor line, SK-N-AS. These data suggest that
a combination of EGFR and STAT5 inhibition may provide
enhanced therapeutic benefit in neuroblastoma patients with
low UBE4B expressing tumors.

Tumor cell migration underlies metastatic spread of
disease,42,63 and metastasis to distant tissue sites is a hallmark of
more advanced neuroblastoma.64 EGFR activation and signaling
leads to cancer cell proliferation in addition to cell migration.65 In
this regard, we observed that by themselves Cetuximab or SH-4-54

Figure 6. Depletion of UBE4B reveals an enhanced inhibitory effect of the combination of Cetuximab and SH-4-54 on the proliferation of SK-N-AS cells. SK-N-AS cells
were treated with either vehicle, Cetuximab, SH-4-54, or Cetuximab+SH-4-54 and proliferation was assessed 72 hours following treatment initiation. Cetuximab (2μM)
alone (green bars) significantly decreased proliferation only in cells that were depleted of UBE4B. Cetuximab did not significantly alter cell proliferation in parental
cells or those infected with a lentivirus containing a scrambled shRNA (green bars). SH-4-54 did not alter SK-N-AS cell proliferation (red bars). Cetuximab inhibited SK-
N-AS cell proliferation only when UBE4B was depleted (green bars). Treatment of SK-N-AS cells with a combination of Cetuximab and SH-4-54 significantly decreased
proliferation in parental, scrambled, and UBE4B-depleted cells compared to cells treated with Cetuximab alone (purple bars). The antiproliferative effect of Cetuximab
+ SH-4-54 was significantly enhanced in UBE4B-depleted cells compared to parental cells or parental cells infected with lentivirus encoding a scrambled shRNA
(purple bars, upper most comparison bar). All data points and the mean ± S.E.M. are displayed for each time point and reflect data collected from three independent
trials. Comparisons were made using ANOVA with post hoc Dunnett multiple comparison test. * denotes p < .05, ** denotes p < .01, *** denotes p < .001.
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marginally inhibited cell migration, but that the combination of
these drugs produced a significantly greater inhibition of migra-
tion than either drug alone. Moreover, migration in UBE4B-
depleted cells was inhibited to a significantly greater extent than
in parental SK-N-AS cells. Given that 70% of neuroblastoma

patients present with tumor cell metastasis at the time of
diagnosis,3 these results provide a potentialmechanism for screen-
ing patients that may be particularly receptive to this combination
of drugs. Patients with refractory neuroblastoma often have fewer
chemotherapeutic options because their cancer has evolved

Figure 7. The migration of UBE4B-depleted SK-N-AS neuroblastoma cells is inhibited when treated with a combination of the STAT5 inhibitor SH-4-54 and
Cetuximab. Cells were pretreated for 24 hours with the PBS/DMSO vehicle control (blue bars), SH-4-54 alone (red bars), Cetuximab alone (green bars), or
a combination of SH-4-54 and Cetuximab (purple bars). Cells were seeded on the top surface of transwell membranes submerged in media supplemented with
EGF. Membranes containing SK-N-AS cells were incubated for 24 hours in the presence of their respective drug treatment at 37°C. Membranes were then washed,
fixed, and stained with DAPI to visualize migratory cells (a) which were then quantified by counting cells visible in a high-power field at 10x magnification and
averaging at least three fields per condition (b) (n = 3). The antimigratory effect of Cetuximab+SH-4-54 was significantly enhanced in UBE4B-depleted cells compared
to parental cells or parental cells infected with lentivirus encoding a scrambled shRNA (purple bars, top two upper most comparison bars). The mean ± S.E.M. are
displayed for each condition and reflect data collected from three independent trials. Comparisons were made using ANOVA with post hoc Dunnett multiple
comparison test. * denotes p < .05, ** denotes p < .01, *** denotes p < .001.
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Figure 8. Apoptosis of SK-N-AS neuroblastoma cells is enhanced by treatment with Cetuximab and SH-4-54. Parental SK-N-AS cells, SK-N-AS cells infected with
a scrambled shRNA, or SK-N-AS cells depleted of UBE4B, were treated with vehicle (blue bars), SH-4-54 (5 μM, red bars) Cetuximab (2 μM, green bars), or
a combination of Cetuximab and SH-4-54 (purple bars). Caspase-3/7 activity was assessed with CellEvent detection reagent and phase contrast microscopy to
quantify cell numbers. Percent apoptotic cells (the ratio of fluorescent cells/total cell count) was significantly greater in UBE4B-depleted and parental cells treated
with the drug combination compared to SK-N-AS cells treated with vehicle, or cells treated with either Cetuximab or SH-4-54 alone. The mean ±S.E.M. is displayed for
each condition and reflects data collected from three independent trials. Comparisons were made using ANOVA with post hoc Dunnett multiple comparison test. *
denotes p < .05, ** denotes p < .01, *** denotes p < .001.
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resistance to conventional frontline agents that target cell division
and DNA replication. The novel combination of EGFR and
STAT5 inhibition described here may provide an additional
option for relapsed patients with 1p36 deletions and lower
tumor UBE4B levels.

Materials and methods

Tissue culture

The SK-N-AS, SK-N-BE(2), CHP134, LAN5, CHLA20, and
SK-N-SH human neuroblastoma cell lines used in this study
have been previously utilized and described by our
laboratory.66 Cells were cultured in RPMI media (Corning
Life Sciences, 10–040-CV) supplemented with 10% fetal
bovine serum and 1% L-glutamine. TLA-HEK293T cells
used for lentivirus production (Thermo Fisher Scientific,
HCL4515) were cultured in DMEM (Corning Life Sciences,
MT10013CV) with 10% fetal bovine serum at 37°C with 5%
CO2 and passaged to maintain 20–80% confluence.

Chemotherapy agents
The chemotherapy agents Topotecan (T2705), Irinotecan
(1406), Doxorubicin (PHR1789), Temozolomide (T2577), and
Cisplatin (BP809) were obtained from Sigma. Topotecan was
dissolved in PBS to make a 0.5 mM stock, Irinotecan was
dissolved in DMSO (Sigma, W387520) to make a 50 mM
stock, Doxorubicin was dissolved in PBS to make a 6.9 mM
stock, Temozolomide was dissolved in DMSO to make
a 50 mM stock, and Cisplatin was dissolved in PBS to make
a 3 mM stock. Cetuximab (Erbitux, Eli Lilly) in a stock concen-
tration of 2 mg/mLwas a generous gift of the University of Texas
MD Anderson Cancer Center pharmacy. The STAT5 inhibitor
SH-4-54 (ApexBio Technology, B4789) was purchased as
a 10mM stock solution in DMSO. Drug dilutions were prepared
in cell culture media from stock solutions prior to cell treatment.

Lentiviral depletion of UBE4B in neuroblastoma cells

UBE4B-shRNA was obtained from Sigma’s Mission shRNA
library. See table for sequences (Table 1). Lentiviral packaging
plasmids pMD2.g, pRSV-Rev, pMDLg/pRRE, and scrambled
shRNA sequences were a gift of Dr. Sara Prijic (UTHealth
McGovern Medical School, Houston, TX). Plasmid DNA was
purified (Qiagen, 27104) and Lipofectamine 3000 (Thermo
Fisher Scientific,L3000001) was used to transfect HEK 293T
cells (60% confluent at the time of transfection) using the

following amounts of DNA in each reaction: 2.24 µg
shUBE4B or shScrambled DNA, 5.6 µg pMDLg/pRRE,
2.8 µg pRSV-Rev, and 3.36 µg pMD2.g. Twenty-four hours
after HEK 293T cell transfection, culture media was aspirated
and fresh media was added for an additional 48-hour incuba-
tion period. Following incubation, virus-containing culture
medium was collected and supplemented with 1 μg polybrene
(Sigma, H9268) per 1 mL of media, filtered through a 0.45-
micron PVDF membrane (Thermo Fisher Scientific, PB5240)
and used to infect target neuroblastoma cells plated at 80%
confluence. Neuroblastoma cells were incubated with virus
overnight, the media was changed to virus-free media, and
the cells were incubated in fresh culture medium for 48 hours.
Forty-eight hours after infection, the media was supplemented
with 1 μg puromycin (Thermo Fisher Scientific, A1113803)
per 1 mL of media to select for infected cells. Cells were
selected until uninfected control cells had died, which typi-
cally took four days. Immunoblotting was used to examine
UBE4B levels in infected and parental cells.

Western blotting

Cells were collected by scraping or using 5 mM EDTA (Millipore
Sigma, 324503) and were centrifuged at 1500 x g for 10 minutes,
resuspended in a small volume of RIPA (1% Triton X-100, 6.1%
SDS, 150 mM NaCl, 50 mM Tris-HCl pH 8.0, 1% NP-40) buffer
with a protease inhibitor cocktail (10 mM leupeptin, 1 µg/µL
pepstatin, 0.3 mM aprotinin, and 1.74 µg/µL PMSF) (Thermo
Fisher Scientific, 78438), lysed using sonication (5 pules of
1 second at output control 3, Branson Sonifier 250, VWR
Scientific), and centrifuged at 2000 x g to separate membranes
from cytosolic protein. Protein concentrations were quantified
using BCA protein assay (Thermo Fisher, A53225) according to
the manufacturer’s instructions. Twenty μg of protein were mixed
with 6x loading buffer (50 mM Tris-HCl at pH 6.8, 4% SDS, 60%
glycerol, 0.6% bromophenol blue, and 30% ß-mercaptoethanol),
boiled for 5minutes at 100°C, and separated using polyacrylamide
gel electrophoresis (SDS-PAGE, 5% stacking, 10% separating) and
transferred to nitrocellulose membranes under standard condi-
tions. Membranes were blocked using 5% nonfat dry milk in PBS
or 5% BSA in PBS based on manufacturer instructions.
Membranes were incubated overnight at 4°C with anti-actin anti-
body (Sigma, A2066), anti-UBE4B antibody (Abcam, ab126759),
anti-EGFR antibody (Invitrogen, 44-789G), or anti-STAT5 anti-
body (Cell Signaling, 9363). Membranes were subsequently
washed three times with PBS-T and then incubated in a goat anti-
rabbit secondary antibody (1:5000 for EGFR, 1:2000 for UBE4B,
1:5000 for actin, and 1:2000 for STAT5) conjugated to horseradish
peroxidase (Sigma, A0545) for 1 hour at room temperature. The
resulting signal was visualized using chemiluminescence
(SuperSignal West Pico, Thermo Fischer Scientific, 34580) and
film.

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) cell
metabolic activity assays

Human neuroblastoma cells were diluted 1:1 with trypan blue and
counted with the Countess automated cell counter (Invitrogen).
Cells were then diluted in RPMI media to enable plating at

Table 1. shDNA sequences used for depleting UBE4B in neuroblastoma cell lines
(Sigma Mission shRNA).

Sigma ID # UBE4B shDNA Sequence

TRCN0000338295 CCGGGCCTAGTTGCCGTCGCTATATCTCGAGATA
TAGCGACGGCAACTAGGCTTTTTG

TRCN0000007548 CCGGGCAGGGATCAAATCCACAATACTCGAGTAT
TGTGGATTTGATCCCTGCTTTTT

TRCN0000350907 CCGGGCAGGGATCAAATCCACAATACTCGAGTATT
GTGGATTTGATCCCTGCTTTTTG

TRCN0000338354 CCGGGAAGTGTTCAAGCAGATATTTCTCGAG
AAATATCTGCTTGAACACTTCTTTTTG

1426 K. MEMARZADEH ET AL.



a confluence of 7.5e3 cells per well in a 96-well plate and incubated
for 24 hours to allow adherence. On the second day, the media
from each well was aspirated and replaced with 100 µL of com-
plete RPMI media containing either a chemotherapy agent or the
appropriate vehicle control. For experiments where only a 72-
hour time point was taken, the treated cells were incubated for
three days at 37°C with 5% CO2. In experiments involving
Cetuximab, the drug was added fresh to the cells daily. For
experiments involving daily measurements, cells were plated in
triplicate so that daily MTT assays could be performed. MTT
measures mitochondrial metabolic activity and is a surrogate
measure for cell viability in response to a drug challenge.
A stock solution of 5 mg/mL MTT (Sigma, M2128) in PBS was
first prepared at a final concentration 0.5 mg/mL. The plate was
protected from light and incubated for 4 hours prior to removal of
the media.100 µL of DMSO was added to each well, incubated for
10 minutes, and the absorbance (560 nm) of each well was
measured. The background absorbance of media only with the
MTT reagent was measured and subtracted from the values
recorded for each sample. Samples assessed daily were compared
to the absorbance of cells at Day 0 before drug treatment.
Statistical significance was calculated using a two-way ANOVA
and Dunnett’s multiple comparisons test. All statistical analysis
was performed with GraphPad Prism software version 7.

Calculation of IC50 values was done using a Boltzmann
best-fit regression. Only data with a Pearson correlation coef-
ficient ≥ 0.8 and at least three measurements between 20%
and 80% viability were used for analysis. Significance of the
IC50 results was assessed with a one-way ANOVA with
a Tukey multiple comparison test.

Cleaved caspase assay

Parental, scrambled, and shUBE4B SK-N-AS cells were
counted with the Countess automated cell counter and then
plated at a density of 4e5 cells in 96-well plates and allowed to
adhere overnight. Media was aspirated and replaced with
100 µL of media alone, media containing 5 μM SH-4-54,
media containing 2 μM Cetuximab, or media containing
a combination of 5 μM SH-4-54 and 2 μM cetuximab.
CellEvent Caspase 3/7 Green Detection Reagent (Invitrogen,
C10423) was added to the media of all four treatment groups
at a final concentration of 3 μM, and the cells were incubated
for 48 hrs at 37°C with 5% CO2 protected from light. Next,
the cells were imaged using first phase contrast microscopy
and then florescent microscopy using a GFP filter. The per-
centage of green-fluorescing cells to total cells was then cal-
culated. Significance between groups was determined using
a two-way ANOVA with Dunnett multiple comparison test
using GraphPad Prism software version 7.

Transwell migration assay

Cells were seeded in six well plates at a density of 3e5 cells
per well and incubated overnight at 37°C with 5% CO2 to
adhere. The cells were treated with vehicle (DMSO and
PBS) and media alone, media containing 5 μM SH-4-54,
media containing 2 μM cetuximab, or media containing
a combination of 5 μM SH-4-54 and 2 μM Cetuximab.

The cells were incubated for an additional 24 hours. Cells
were detached with trypsin and counted using the Countess
automated cell counter. EGF was added to RPMI for
a concentration of 100 ng/mL, and 750 μL was added to
wells of a 12 well plate. Falcon Cell Culture inserts
(Corning Life Sciences, ECM508) with 8 μm pores were
submerged in the wells. Finally, 1.5e5 of the pre-treated
SK-N-AS cells were diluted in serum-free RPMI media
and added to the cell culture insert. The cells were allowed
to incubate overnight 37°C with 5% CO2.

The following day the cells were washed and fixed for micro-
scopy. Non-invading cells were scrubbed from the top surface of
the membrane using a cotton-tipped swab moistened with media.
Next, the membranes were fixed with 100% methanol for 5 min-
utes at room temperature. The membranes were then rinsed in
diH2O for 1minute and stained with a 1 μg/mLDAPI in PBSwith
0.1% Tween for 20 minutes at room temperature protected from
light. The membranes were then washed again in diH2O for
1 minute and inverted to dry. Lastly, a fine-tipped scalpel was
used to cut the membranes from the insert. The membranes were
placed bottom-side-up on a glass microscope slide. FluroSave
reagent (Millipore Sigma, 345789) was added dropwise to the
membranes. They were then covered with glass coverslips and
then sealed with nail polish.

The glass slides were stored at 4°C protected from light and
later imaged with 10x magnification on a fluorescent micro-
scope. The instrument was set for DAPI with an excitation
wavelength of 358 nm and an emission wavelength of 461 nm.
At least three 10x fields on each membrane were counted, and
the average number of cells that had migrated through the
membrane was counted to compute the number of cells per
high-powered field (HPF). The experiment was performed in
triplicate and significance was determined with a two-way
ANOVA and Dunnett’s multiple comparison test using
GraphPad Prism.
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