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The Class II Transactivator (CIITA) is essential to the regulation of Major Histocompatibility Class II (MHC II) genes
transcription. As the “master regulator” of MHC II transcription, CIITA regulation is imperative and requires various
posttranslational modifications (PTMs) in order to facilitate its role. Previously we identified various ubiquitination events on
CIITA. Monoubiquitination is important for CIITA transactivity, while K63 linked ubiquitination is involved in crosstalk with
ERK1/2 phosphorylation, where together they mediate cellular movement from the cytoplasm to nuclear region. Further, CIITA is
also modified by degradative K48 polyubiquitination. However, the E3 ligase responsible for these modifications was unknown.We
show CIITA ubiquitination and transactivity are enhanced with the histone acetyltransferase (HAT), p300/CBP associated factor
(pCAF), and the E3 ligase region within pCAF is necessary for both. Additionally, pCAF mediated ubiquitination is independent
of pCAF’s HAT domain, and acetylation deficient CIITA is K48 polyubiquitinated and degraded in the presence of pCAF. Lastly,
we identify the histone acetyltransferase, pCAF, as the E3 ligase responsible for CIITA’s ubiquitination.

1. Introduction

Major Histocompatibility Class II (MHC II) genes are essen-
tial for the initiation of adaptive immune responses to
extracellular pathogens; thus their expression and activation
are of critical importance and are tightly regulated [1–3].
Coordinated orchestration of multiple proteins accomplishes
transcription of MHC II; however, one protein in particular,
known as the “master regulator” of MHC II genes, the Class
II Transactivator, is particularly important [4–7]. In addition
to CIITA, various other chromatin-remodeling enzymes are
required for the “opening” of the MHC II promoter, thus
allowing the transcriptional machinery to bind. In particular,
two histone acetyltransferases (HATs), the CREB binding
protein (CBP/p300) and p300/CBP associated factor (pCAF),
are recruited to the MHC II promoter where they assist in
the remodeling of chromatin which occurs before and in the
presence of CIITA [8, 9].

CIITA is 1130 amino acid protein and is dynami-
cally regulated through an intricate series of posttransla-
tional modifications (PTMs) [10]. PTMs on CIITA include

phosphorylation, ubiquitination, and acetylation [11–18].
Thesemodifications precisely regulate CIITA’s location, func-
tion, and stability within the cell and increase CIITA activity
at the MHC II promoter [8, 10, 13–15, 19–22]. HATs including
pCAF and CBP are responsible for acetylation of CIITA at
lysine(s) (K) 141 and 144 [14]. It has further been shown
that acetylation plays important roles in the ubiquitination of
CIITA [13, 14]. Located at the N-terminal region of pCAF, lies
a domain containing ubiquitin E3 ligase activity [23]. Ubiqui-
tination requires three enzymes: an E1 activating enzyme, an
E2 conjugating enzyme, and E3 ligase, which is responsible
for the ligation of ubiquitin onto a substrate in conjunction
with the E2 [24]. Previously pCAF’s intrinsic ubiquitination
domain was identified and shown to play a role in the
ubiquitination and stability of the critical cell cycle protein,
human double minute 2 (the human ortholog of Mdm2) [23,
25], and Gli1, a transcription factor that mediates hedgehog
signaling [26].Thus, pCAF is not onlyHAT, but also ubiquitin
E3 ligase. Presently, pCAF is shown to ubiquitinate only a
few substrates: Hdm2, Gli1, and itself [23, 25, 26]. As pCAF
is known to affect the activity of many transcription factors
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and cofactors through its HAT activities, it is likely that pCAF
also has additional targets for its ubiquitin E3 ligase activities.
As CIITA has previously been shown to be a substrate for
pCAF’s HAT activity and observations have been made of
CIITA’s increased ubiquitination in the presence of pCAF
[13], we sought to determine if pCAF was potential E3 ligase
for CIITA.

Wehypothesized pCAF is playing a novel role as ubiquitin
E3 ligase for CIITA in addition to its traditional role as HAT.
We show here that both CIITA transactivity levels and global
ubiquitination (all ubiquitin types) significantly decline in the
absence of the pCAF E3 ligase domain. Further, we demon-
strate CIITA ubiquitination does not rely on theHATdomain
of pCAF. Acetylation null CIITA mutants lacking the signal
to become nuclear bound are ubiquitinated in a K48 linked
fashion leading to degradation. In vitro ubiquitination assays
confirm pCAF’s ability to facilitate CIITA ubiquitination.
Lastly, we identify that CIITA mono, K63, and, K48 linked
ubiquitination are mediated by pCAF in vivo. These results
demonstrate pCAF’s capacity to facilitate various topologies
of CIITA ubiquitination. These results indicate that pCAF,
via its E3 ligase activity, plays additional important roles in
the regulation of CIITA activity and thus in regulating the
expression of MHC II genes. Further, identification of the E3
ligase responsible for ubiquitination of CIITA is critical for
gaining added understanding of CIITA regulation by PTMs.
Identifying enzymes responsible for these PTMs allows for
valuable insight into the regulation of the adaptive immune
response and for the identification of potential therapeutic
targets.

2. Materials and Methods

2.1. Cell Culture. COS cells (Monkey fibroblast) from ATCC
(Manassas, VA) were maintained using high-glucose Dul-
becco’s modified Eagle medium (DMEM) (Mediatech, Inc.,
Herndon, VA) supplemented with 10% fetal bovine serum, 50
units/mL of penicillin, 50𝜇g/mL of streptomycin, and 2mM
of L-glutamine. Cells were maintained at 37∘ with 5% CO

2
.

2.2. Plasmids and Purified Proteins. Flag-K141R, K144R,
K141/144R, and Myc-CIITA were kindly provided by Dr.
Jenny Ting. Flag-pCAF was a generous gift fromDrs. Linares
et al. [23]. Myc-pCAF was subcloned into Myc tagged
pCMV-3 using the EcoR1 restriction site. HA-K48 Ub and
K63 Ub were a gift from Dr. Ted Dawson. Both, HA-
K48 and K63 ubiquitin have all internal lysine residues of
ubiquitin mutated to arginine except K48 or K63, allowing
polyubiquitination to only occur on those lysine residues.
The HLA-DRA luciferase reporter construct was described
previously [27]. The E1 activating enzyme UBE1 (Boston
Biochem, Boston, MA), E2 conjugating enzyme UbcH5b
(Boston Biochem), Flag ubiquitin (Boston Biochem), Hdm2
(Boston Biochem), and His-pCAF (Proteinone, Rockville,
MD) were all obtained commercially.

2.3. GST-Protein Production and Purification. BL21 star
(DE3) competent cells (Invitrogen, Carlsbad, CA)were trans-
formed with pGEX constructs. Transformed colonies were

selected and inoculated in 5mL LB supplemented with AMP
and bacteria were allowed to grow overnight at 37∘. One mL
preps was added to 100mL fresh LB supplemented AMP and
bacterial were allowed to grow for three and a half hours
at 37∘ to OD

600
, 0.8. IPTG was added to induce expression.

Cells were centrifuged and the pellet was washed with chilled
PBS and centrifuged again. The cell pellet was frozen for
one hour at −80∘; pellet was allowed to thaw on ice and was
resuspended in buffer A (PBS + 1% Triton-X100 + 0.1MNaCl
+ Protease Inhibitor (Roche)). Cells were sonicated on ice and
were centrifuged to obtain the soluble fraction.The insoluble
fraction was then resuspended in buffer B (buffer A + 25%
(w/v) sucrose) and themixturewas centrifuged at 20,000 rpm
for 20 minutes. The supernatant was then collected as the
insoluble fraction. Solubilization and refolding of inclusion
bodies were performed in 8M urea + 5mM DTT to dissolve
the pellet. The protein-urea mixture was then dialyzed in
PBS at 4∘ for two days. GST-CIITA protein was added to
a Glutathione Resin column and the protein was eluted in
10mMglutathione elution buffer (0.154 g reduced glutathione
dissolved in 50mL of 50mMTris-HCL, pH 8.0). GST-CIITA,
flow through, wash, and elutes were analyzed by SDS-PAGE
and then stained with Coomassie. Elutes were dialyzed to
remove free glutathione.

2.4. Coimmunoprecipitations. COS cells were plated at cell
density of 8 × 105/10 cm on tissue culture plates. Cells were
transfected using GeneJuice (Merck Millipore, Darmstadt,
Germany) as indicated with 5𝜇g of Myc-CIITA, Flag-pCAF,
Flag-K141R, K144R, K141/144R CIITA, HA-K48 Ub, K63 Ub,
HA-mono Ub, or pCDNA control. Twenty-four hours after
transfections, cells were lysed in 1% NP40 buffer supple-
mented with EDTA-free protease inhibitors (Roche) on ice.
Lysates were centrifuged, normalized for protein concentra-
tion, and precleared with Mouse IgG (Sigma-Aldrich) and
Protein G (Thermo Fisher) followed by immunoprecipitation
with either EZ view anti-c Myc affinity gel beads (Sigma-
Aldrich) or with anti-Flag M2 affinity gel (Sigma-Aldrich).
Immune complexes were denatured with Laemmli buffer,
boiled, and separated by SDS-PAGE gel electrophoresis.
Gels were transferred to nitrocellulose and were individ-
ually immunoblotted with anti-Myc (Abcam, Cambridge,
MA), anti-Flag (Sigma-Aldrich), antiubiquitin (Life Sensors,
Malvern, PA), anti-K48 ubiquitin (Cell Signaling, Danvers,
MA), anti-K63 ubiquitin (Millipore), or with anti-GST
(Abcam, Cambridge, MA). HRP conjugates were detected
usingHyGloChemiluminescent substrate (Denville). Protein
normalization and equal loading were determined in lysates.

2.5. Luciferase Reporter Assays. COS cells were plated at 5
× 104 cells/well density (70% confluency). Following adhe-
sion, cells were cotransfected as indicated with HLA-DRA,
Renilla, pcDNA, Myc-CIITA, and Flag-pCAF using Gene-
Juice (Merck Millipore, Darmstadt, Germany) according to
the manufacturer’s protocol. Twenty-four hours following
transfections, cells were lysed with 1x Passive lysis buffer
(Promega, Madison, WI) supplemented with EDTA-free
protease inhibitor (Roche). Dual luciferase assays were per-
formed using the Lmax II

384
(Molecular Devices, Sunnyvale,
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CA) according to the manufacturer’s instructions. Luciferase
readings were normalized to Renilla readings for protein
normalization.

2.6. In Vitro Ubiquitination Assay. The CIITA in vitro ubiq-
uitination assay was carried out in 150 𝜇L of reaction mixture
containing 40mM Tris-HCL (pH 7.5), 5mM MgCl

2
, 2mM

dithiothreitol, 1mM Creatine Phosphate, 2mM ATP, 400 ng
of Recombinant GST-CIITA (substrate), 400 ng of GST-
Hdm2 (Boston Biochem), 400 ng Recombinant His-pCAF
(E3 ligase candidate) (ProteinoneRockville,MD), 500 ngFlag
ubiquitin (Boston Biochem, Boston, MA), 200 ng E1 activat-
ing enzyme, UBE1 (Boston Biochem), 200 ng E2 conjugating
enzyme, and UbcH5b (Boston Biochem). All components
were added and incubated at 37∘C for 60 minutes and
were analyzed via SDS-PAGE. Ubiquitination was detected
by immunoblot using Flag antibody (Sigma), and CIITA
ubiquitination was verified with GST (Abcam), and pCAF
was verifiedwithmonoclonal 𝛼 pCAF antibody (Santa Cruz).
Verification of Hdm2 ubiquitination was detected using GST
(Abcam).

3. Results

3.1. CIITA and pCAF Coimmunoprecipitate. CIITA and
pCAF previously have been shown to associate [14], and
pCAF is known to acetylate CIITA on lysines (K) 141 and 144.
These residues lie within a nuclear localization signal (NLS)
region and acetylation is necessary to shuttle CIITA to the
nucleus. Once pCAF acetylates CIITA, CIITA accumulates in
the nucleus, where it binds to the enhanceosome complex at
the MHC II promoter [14] and drives MHC II transcription.
To confirm previous findings, we conducted coimmunopre-
cipitation assays to verify interactions between WT CIITA
and WT pCAF. Lane one indicates association of WT Myc-
CIITA and WT Flag-pCAF through coimmunoprecipitation
analysis (Figure 1, top panel, lane one).

3.2. pCAF’s E3 Ligase Domain Is Necessary for CIITA Trans-
activity. While pCAF is known primarily for its HAT role,
pCAF is also considered to be an ubiquitination factor with
intrinsic E3 ligase capabilities [23, 26]. Interestingly, pCAF
does not have any homology to other known E3 ligases.
Linares et al., performed a series of deletion mutations and
identified a region (amino acids 121–242) that possesses E3
ligase capability [23]. Previous reports suggest pCAF is able
to mediate both acetylation and ubiquitination of the same
target [13, 23, 26, 28]. Thus, we next wanted to determine if
pCAF’s E3 ligase domain is necessary for CIITA’s increased
transactivity. Levels of transactivity were determined using a
dual luciferase reporter assay. CIITA cotransfected with WT
pCAF leads to a 2-fold increase in CIITA transactivity and
ability to drive MHC II transcription; however, deletion of
the E3 ligase domain of pCAF leads to a significant decrease
in CIITA transactivity levels (Figure 2).

3.3. E3 Ligase Domain Deficient pCAF Is Unable to Ubiqui-
tinate CIITA. We next investigated if CIITA ubiquitination
would be impaired or altered in the absence of the E3
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Figure 1: CIITA associates with the E3 ligase pCAF. Coimmunopre-
cipitation of CIITA and pCAF. COS cells were cotransfected with
Myc-CIITA and Flag-pCAF. Cells were harvested, lysed, precleared,
and immunoprecipitated with anti-Flag and anti-Mouse IgG. West-
ern blots were performed and immunoprecipitated samples were
immunoblotted using anti-Myc antibodies. Lysate controls demon-
strate expressions of Myc-CIITA and Flag-pCAF. Data shown are
cropped images from one immunoprecipitation gel and one lysate
gel and are representative of three individual experiments.

ligase domain of pCAF. pCAF contains an autoubiquitination
domain that is able to mediate self-ubiquitination but has
not been shown to be involved in ubiquitination of other
substrates [23]. To determine if the E3 ligase domain is
necessary for facilitatingCIITAubiquitination,we performed
an in vivo ubiquitination assay. WT-Myc-CIITA, WT-Flag-
pCAF, or the ΔE3 pCAFmutant were cotransfected into COS
cells. Ubiquitination levels of WT CIITA cotransfected with
WT pCAF show a significant increase over those of WT
CIITA transfected alone (Figure 3, compare lanes 1 and 2).
However, the ubiquitination levels of CIITA cotransfected
with the ΔE3 pCAF mutant show levels of ubiquitination
that are significantly decreased when compared to those of
CIITA cotransfectedwithWTpCAF (Figure 3, compare lanes
2 and 3). These data support that the E3 ligase domain of
pCAF is important for CIITA ubiquitination and is involved
in mediating CIITA ubiquitination.

3.4. pCAF Facilitates CIITA Ubiquitination Independent of Its
HAT Domain. pCAF is a well-known HAT and is involved
in many aspects of CIITA and MHC II regulation [14, 29,
30]. pCAF assists in remodeling the chromatin structure
of the MHC II promoter where it acetylates histones H3
and H4 [30] and also regulates CIITA’s nuclear relocation
by acetylating CIITA K141 and K144, leading to increased
activation of CIITA and increased expression ofMHC II [14].
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Figure 2: The pCAF E3 ligase domain is necessary for enhanced CIITA transactivity. CIITA transactivation increases in the presence of
expressed WT pCAF. Reporter Assay. COS cells were transfected as indicated with the MHC II HLA-DR Luc reporter construct, Renilla,
CIITA, pCAF, and Δ E3 pCAF. Luciferase assays were performed in triplicate in three independent experiments; data are presented as fold
increase in luciferase activity. Results are standardized to Renilla values and represent the mean ± SD, ∗∗ < 0.01.
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Figure 3: CIITA ubiquitination depends on the E3 ligase domain of pCAF. (a)The E3 ligase null mutant pCAF negates CIITA ubiquitination.
In vivo ubiquitination assay. COS cells were cotransfected with Myc-CIITA, Flag-pCAF, and Flag-pCAF Δ E3 ligase mutants as indicated.
Eighteen hours following transfections, cells were harvested, lysed, precleared, and immunoprecipitated with the anti-Myc antibody.
Western blots were performed and immunoprecipitated samples were immunoblotted using antiubiquitin antibodies. Lysate controls
(bottom two panels) demonstrate expression of Myc-CIITA, Flag-pCAF, and Flag-pCAF Δ E3. Data shown are cropped images from one
immunoprecipitation gel and one lysate gel and are representative of three independent experiments. (b) Densitometry and quantification
of data in Figure 3(a). Densitometry was performed on three independent experiments, mean ± SD, ∗∗∗∗ < 0.0001. Area for densitometry
analysis was selected from CIITA’s molecular weight of 150KDa as labeled and above.
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Figure 4: pCAF facilitates CIITA ubiquitination independent of its HAT domain. (a) CIITA is ubiquitinated by pCAF. In vivo ubiquitination
assay. COS cells were cotransfected as indicated with Myc-CIITA, Flag-pCAF, and Flag-pCAF Δ HAT mutant. Eighteen hours following
transfections, cells were harvested, lysed, precleared, and immunoprecipitated with the anti-Myc antibody. Western blots were performed
and immunoprecipitated samples were immunoblotted using antiubiquitin antibodies. Lysate controls (bottom two panels) demonstrate
expression of Myc-CIITA, Flag-pCAF, and Flag-pCAF Δ HAT. Data shown are cropped images from one immunoprecipitation gel and one
lysate gel and are representative of three independent experiments. (b) Densitometry and quantification of data in (a). Densitometry was
performed on three independent experiments, mean ± SD, ∗∗∗ < 0.001. Area for densitometry analysis was selected from CIITA’s molecular
weight of 150KDa as labeled and above.

To determine if pCAF’s role in ubiquitination of CIITA was
independent of pCAF’s HAT activities, we performed in vivo
ubiquitination assays using WT CIITA and HAT deletion
mutant of pCAF. In this assay, expression ofWTCIITA alone
indicates low level ubiquitination (Figure 4(a), lane 1), and
ubiquitination levels significantly increase whenWTpCAF is
overexpressed (Figure 4(a), lane 3). However, in the absence
of the pCAFHAT domain, there is nomeasureable difference
in CIITA ubiquitination levels when CIITA ubiquitination
is compared to that generated in the presence of WT pCAF
(Figure 4(a), compare lanes 3 and 4). Thus, we conclude that
pCAF’s ability to ubiquitinate CIITA is independent of the
pCAF HAT domain.

3.5. pCAF Associates with CIITA Acetylation Null Mutants.
As pCAF acts in a dual way as both HAT and ubiquitin ligase,
and as acetylation drives CIITA nuclear import, we next
determined if acetylation of CIITA is necessary for CIITA
ubiquitination mediated by pCAF. To begin to investigate
the relationship between acetylation and ubiquitination on
CIITA, we first wanted to identify if acetylation null CIITA
mutants and pCAF are able to associate. Coimmunoprecipi-
tation analysis indicates CIITA acetylation mutants deficient
at K141R, K144R individually, or K141/144R double mutant
sites all remain capable of interaction with pCAF (Figure 5).

3.6. pCAF Mediates K48 Linked Ubiquitination of Acetylation
Null CIITA Mutants. Acetylation at K141 and K144 of CIITA

is critical in signaling the movement of CIITA from the
cytoplasm to the nucleus [14]. To investigate pCAF’s role
in mediating acetylation independent ubiquitination, we
utilized acetylation null mutants of CIITA. These CIITA
mutants are incapable of being acetylated at K141 and K144
and thus likely targets for K48 linked polyubiquitination
and degradation. Our results indicate K141R and K144R
and K141/144R CIITA mutants display low levels of ubiq-
uitination and the addition of pCAF yields significantly
lower levels of detectable ubiquitination (Figure 6(a), top
blot) as compared to WT CIITA coexpressed with pCAF
(compare lanes 3, 6, 9, and 12). Further, lysate blots indicate
CIITA transfections and show a decrease in CIITA protein
expression (Figure 6(a), middle blot). These data suggest
the lysine deficient CIITA is being degraded at greater rate
with the overexpression of pCAF (Figure 6(a), compare lanes
5 and 6). Proteasome inhibition by MG132 indicates an
accumulation of ubiquitinated CIITA when pCAF is present
(Figure 6(a) lane 7), indicating the lack of ubiquitination
smear seen in lane 6 is likely due to CIITA degradation.
Further, the K144R mutant and the double K141/K144R
mutants indicate similar trends, respectively (Figure 6(a)
lanes 8–10 and 11–13). To further determine if pCAFmediates
CIITA K48 linked ubiquitination, we took 15 uL of the same
immunoprecipitation sample and immunoblotted it for K48
ubiquitination using specific antibodies recognizing K48
ubiquitination (Figure 6(b)). Similar trends were observed as
seen in Figure 6(a), where CIITA acetylation mutants were
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Figure 5: Acetylation null CIITA mutants coimmunoprecipi-
tate with pCAF. Coimmunoprecipitation of acetylation null CIITA
mutants with pCAF. COS cells were cotransfected with Myc-
CIITA, K141R CIITA, K144R CIITA or K141/144R CIITA, and Flag-
pCAF. Cells were harvested, lysed, precleared, and immunopre-
cipitated with anti-Myc or Mouse IgG antibodies as indicated.
Western blots were performed and immunoprecipitated samples
were immunoblotted using anti-Myc antibodies. Lysate controls
demonstrate expression of Myc-CIITA and acetylation null mutants
and Flag-pCAF (bottom two panels). Data shown are cropped
images from one immunoprecipitation gel and one lysate gel and
are representative of 3 individual experiments.

ubiquitinated; however, when pCAF is introduced we again
observe that ubiquitination diminishes and samples treated
with proteasome inhibitor show accumulation of ubiquiti-
nated CIITA. Densitometry assays indicate significant differ-
ences in ubiquitination levels in both global ubiquitination
and K48 specific ubiquitination (Figures 6(c) and 6(d)).

3.7. In Vitro Ubiquitination Assays Indicate pCAF’s Ability
to Mediate Ubiquitination of CIITA. To elucidate if CIITA
was a substrate for pCAF as E3 ligase, we conducted an in
vitro ubiquitination assay using purified human recombinant
proteins. As a positive control, we used GST-Hdm2, which
has previously been seen to be ubiquitinated by pCAF
[23] (Figure 7(c)). Purified human recombinant proteins E1
(UbA-1), E2 (UbCH5B), Flag ubiquitin, GST-WT CIITA,
and His-WT pCAF (E3) were all used in the presence of a
reaction mixture (see Materials and Methods). As shown in
Figures 7(a) and 7(b), when all ubiquitination components
(E1, E2, pCAF (E3), and ubiquitin) were present along
with the substrate in question, CIITA ubiquitination occurs
(Figures 7(a) and 7(b), lane 5); however in the absence of
any of these components, ubiquitination did not occur.
We immunoblotted both anti-Flag ubiquitin and anti GST-
CIITA. These data reveal that CIITA is a substrate for the
ubiquitin E3 ligase pCAF.

3.8. CIITA Mono, K63, and K48 Linked Ubiquitination Is
Increased In Vivo with pCAF Expression. We previously
determined CIITA’s ubiquitination status to include mono,

K63, and K48 ubiquitination [10, 11]. Bhat et al. showed the
three sites of monoubiquitination on CIITA are necessary
for CIITA stability and for increased CIITA transactivity.
Additionally, we previously demonstrated CIITAmodified by
K63 linked ubiquitination plays a role in CIITA movement
from the cytoplasm to the nucleus. Knowing that several
types of ubiquitination linkages modify CIITA, we wanted
to determine if pCAF was able to facilitate all three types
of CIITA ubiquitination. Previously, we demonstrated pCAF
is able to mediate K48 linked CIITA ubiquitination in the
absence of CIITA acetylation. To investigate if pCAF is able
to mediate various ubiquitin linkages on CIITA, we con-
ducted in vivo ubiquitination assays. We demonstrate CIITA
monoubiquitination, K63, and K48 linked ubiquitination all
increase in the presence of WT pCAF as compared to assays
performed whenWT CIITA is expressed alone (Figures 8(a),
8(b), and 8(c), compare lanes 1 and 2). When the proteasome
inhibitor MG132 inhibits the 26S proteasome, all three forms
of ubiquitinated CIITA accumulated indicating maximum
ubiquitination levels (Figures 8(a), 8(b), and 8(c), lane 3).
These data indicate pCAF’s ability to mediate multiple forms
of ubiquitination of CIITA.

4. Discussion

We sought here to identify the ubiquitin E3 ligase mediating
CIITA ubiquitination. CIITA is known as the “master regu-
lator” of MHC II genes. MHC II is critically important for
proper presentation of extracellular pathogen to CD4+ T cells
in adaptive immune responses. While MHC II is regulated
at the level of transcription, CIITA is tightly regulated at
the level of posttranslational modification. CIITA is heavily
modified through a complex series of PTMs that dynamically
regulate its location, function, stability, and activity.

Previous reports identify CIITA as being modified by
mono, K63, and K48 linked ubiquitination [10, 11]. Ubiq-
uitination of CIITA has been demonstrated as an essential
posttranslational modification. Monoubiquitinated CIITA is
more stable and active at the MHC II promoter [11, 13,
31]. K63 linked ubiquitination is also important as this
particular ubiquitin linkage demonstrates enhanced crosstalk
with phosphorylation and together these modifications are
important for movement of CIITA from the cytoplasm to the
nucleus [10]. Additionally, CIITA is modified by K48 linked
ubiquitination, leading to recognition and degradation by the
proteasome [11].

pCAF is a well-known histone acetyltransferase or HAT
[32] and has previously been demonstrated to be recruited
to and to activate transcription of the MHC II promoter via
pCAF’s HAT activities [2, 22]. pCAF must be localized to
the MHC II promoter where pCAF cooperates with CIITA
to drive MHC II transcription. The interaction of pCAF and
CIITA is independent of pCAF’s HAT domain [2, 8, 32]. We
confirm here the addition of pCAF drives increased CIITA
transactivation levels at the MHC II promoter (Figure 2).

Reports by several groups of pCAF’s ability to act as
E3 ubiquitin ligase, facilitating ubiquitination on targets
such as Hdm2/Mdm2 and Gli1 [23, 26] where pCAF has
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Figure 6: pCAF enhances ubiquitination of CIITA acetylation null mutants. (a) Acetylation null CIITA mutants have increased levels of
degradative ubiquitination in the presence of pCAF. In vivo ubiquitination assay. COS cells were cotransfected with Flag-K141R, K144R,
K141/144R CIITA, and Myc-pCAF. Eighteen hours following transfections, MG132 was added to indicated samples in order to inhibit
the 26S proteasome. Cells were harvested, lysed, precleared, and immunoprecipitated with anti-Flag antibody (lane 2 negative control,
immunoprecipitated with IgG). Western blots were performed and immunoprecipitated samples were immunoblotted using antiubiquitin
antibodies. Lysate controls (bottom two panels) demonstrate expression of WT Flag CIITA, Flag-K141R, K144R, K141/144R, and Myc-pCAF.
Data shown are cropped images from one immunoprecipitation gel and one lysate gel and are representative of three individual experiments.
(b) CIITA acetylation null mutants have increased levels of K48 specific linkage ubiquitination in the presence of pCAF. 15𝜇L from the same
sample was immunoprecipitated with anti-Flag antibody and immunoblotted for anti-K48 specific ubiquitin antibody. (c) Densitometry and
quantification of data in (a). Densitometry was performed on three independent experiments, mean ± SD, ∗∗∗∗ < 0.0001. (d) Densitometry
and quantification of data in (b). Densitometry was performed on three independent experiments, mean ± SD, ∗∗∗∗ < 0.0001. Area for
densitometry analysis was selected from CIITA’s molecular weight of 150KDa as labeled and above.
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Figure 7: pCAF ubiquitinates CIITA in vitro. (a) Ubiquitination of CIITA by pCAF in vitro. Reaction components are as indicated and were
performed as described inMaterial andMethods. Ubiquitination was detected with anti-Flag antibody (top panel); pCAF was detected using
anti-pCAF antibody (bottompanel). (b)UbiquitinatedCIITAwas further detectedwith anti-GST antibody. (c) Positive control demonstrating
pCAF’s ability to facilitate ubiquitination in vitro on Hdm2.

also been shown to act as HAT, raised the possibility that
pCAF could have dual enzyme activity on CIITA. We next
sought to determine if pCAF was participating as E3 ligase
and able to mediate CIITA ubiquitination. Levels of CIITA
ubiquitination significantly increase in the presence of WT
pCAF, while in the absence of the pCAF E3 ligase region,
ubiquitination is abolished (Figure 3). The region of pCAF
containing the E3 ligase domain does not conform to any
known E3 ligase structures; many questions remain as to
how pCAF may function as E3 ligase. Possible mechanism
is many E3 ligases are regulated through autoubiquitination
[33]. pCAF’s autoubiquitination domain has previously been
shown to not be involved in substrate ubiquitination but
does promote self-ubiquitination [23]. E3 ligases also can be
regulated by phosphorylation, leading to either activation or
deactivation [34, 35]. pCAF is phosphorylated at tyrosine (Y)
729 and threonine (T) 731 and the role for phosphorylation
has yet to be determined [36]; however, phosphorylation at
these residues could be involved in pCAF’s E3 ligase func-
tion.

We further show CIITA ubiquitination by pCAF is
independent of pCAF’s HAT domain (Figure 4(a)). When
CIITA acetylation is blocked, CIITA is ubiquitinated by K48
linked polyubiquitination and subsequently degraded. This
data is in line with previous reports indicating treatment with
Trichostatin A (TSA) andHDAC1 which show reduced levels
of CIITA ubiquitination [13]. By blocking the proteasome, we
were able to visualize accumulated levels of ubiquitination
(Figures 6(a) and 6(b)). These data indicate pCAF’s ability to
ubiquitinate independently of its HAT function.

In vitro analysis confirmed pCAF’s role in ubiquitination
of CIITA when all necessary ubiquitin components were
available and pCAF as the E3; ubiquitination of CIITA
occurred (Figures 7(a) and 7(b)). Further, In vivo ubiqui-
tination assays revealed pCAF’s ability to mediate multiple
types of CIITA ubiquitination, including mono, K63, and
K48 linked polyubiquitination (Figures 8(a), 8(b), and 8(c)).
pCAF utilizes the E2 conjugating enzyme UbcH5b, which
is capable of synthesizing ubiquitin chains containing all of
the possible seven linkages (K6, 11, 27, 29, 33, 48, and 63) of
ubiquitin [37].

Our study increases understanding of the regulation
of the Class II Transactivator, thus leading directly to the
molecular events, which contribute to the regulation ofMHC
II genes. Ubiquitination has been shown to be one of the
many important and necessary PTMs, which regulate CIITA.
Our previous identification of both mono and K63 linked
ubiquitination provided valuable insight that ubiquitination
regulates the stability, location, and activity of CIITA [10, 11].
Here we identify a novel substrate for the E3 ligase function
of pCAF and identify pCAF’s ability to mediate various
ubiquitination moieties on CIITA. Future work will focus on
understanding the regulation of pCAF as E3 ligase. pCAF
does not contain homologous domains of other known E3
ligases and it remains unknown how enzymes with “dual”
HAT and E3 ligase activity are regulated. Understanding the
mechanism controlling each of these functions and how they
are simultaneously regulated will be important to further
understand the regulation of CIITA and the adaptive immune
response [38].
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Figure 8: pCAF enhances K48, K63, and monoubiquitination of CIITA. (a) In vivo ubiquitination assay. COS cells were cotransfected with
Myc-CIITA, Flag-pCAF, HA-K48 ubiquitin, HA-K63 ubiquitin, or HA-mono Ub. Eighteen hours following transfections, MG132 was added
to indicated samples to inhibit the 26S proteasome in treated cells. Cells were harvested, lysed, precleared, and immunoprecipitated with anti-
Myc antibody.Western blots were performed and immunoprecipitated samples were immunoblotted using anti-HA antibody. Lysate controls
(bottom two panels) demonstrate expression of Myc-CIITA and Flag-pCAF. Data shown are cropped images from one immunoprecipitation
gel and one lysate gel and are representative of three individual experiments.
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