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Abstract
There is an unmet need for treatments for diseases associated with aging. The an-
tiaging, life-extending, and cognition-enhancing protein Klotho is neuroprotective 
due to its anti-inflammatory, antioxidative, and pro-myelinating effects. In addition, 
Klotho is also a tumor suppressor and has beneficial roles in multiple organs. Klotho 
is downregulated as part of the aging process. Thus, upregulating Klotho in the brain 
may lead to novel therapeutics to people suffering or at risk for neurodegenerative 
diseases such as Alzheimer's, Parkinson's, and amyotrophic lateral sclerosis, and de-
myelinating diseases such as multiple sclerosis. We attempted to upregulate Klotho 
for its beneficial effects in the brain and elsewhere. Here, we describe a method to 
specifically activate Klotho gene expression. To accomplish this task, we designed 
zinc finger proteins (ZFPs) targeting within −300 bps of the human Klotho promoter. 
We designed the ZPF constructs either de novo from modular building blocks, or 
modified sequences from the natural endogenous Egr1 transcription factor backbone 
structure. Egr1 is known to upregulate Klotho expression. We tested the transcrip-
tional activation effects of these ZFPs in a dual luciferase coincidence reporter sys-
tem under the control of 4-kb promoter of human Klotho in stable HEK293 cells and 
in HK-2 cells that express Klotho protein endogenously. We found that the best ZFPs 
are the de novo designed ones targeting −250 bps of Klotho promoter and one of 
the Egr1-binding sites. We further enhanced Klotho's activation using p65-Rta tran-
scriptional activation domains in addition to VP64. These upregulation approaches 
could be useful for studying Klotho's protective effects and designing Klotho boost-
ing therapeutics for future in vivo experiments.
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1 |  INTRODUCTION

1.1 | Klotho

The anti-aging protein Klotho was named after the goddess 
who spins the thread of life.1 Klotho knockout mice have an 
accelerated aging phenotype that recapitulates many of the 
features observed in aged humans.1 Conversely, lifespan 
is extended by ~30% and increased resistance to oxidative 
stress is observed in Klotho overexpressing mice.2 The single 
copy gene Klotho, is a type-I transmembrane protein which 
is mainly expressed in the kidney, brain, and reproductive 
organs.3 Klotho is also shed by proteolytic cleavage result-
ing in a soluble form that circulates in serum and CSF.4-6 A 
third form of Klotho, found mainly in the brain, results from 
differential mRNA splicing and is secreted from the cell into 
the blood and CSF.7 The transmembrane isoform of Klotho 
serves as a co-receptor for FGF23 signaling, while the solu-
ble Klotho has pleiotropic actions throughout the body (for 
extensive reviews see8,9).

1.2 | Klotho in the brain

We pioneered the exploration Klotho's role in the brain. 
Pivotal studies from our lab discovered diminished Klotho 
expression in the brain of aged healthy monkeys, mice, and 
rats.10 Impaired cognition is observed in Klotho-deficient 
mice,11 while enhanced Klotho expression reduces cognitive 
deficits in a mouse model of AD12 and improves cognitive 
functions in young13 and old mice.14 Recent work on Klotho's 
functions in the CNS of mouse models of Parkinson's (PD) 
and ALS, performed by us and by others, demonstrated that 
Klotho can combat processes associated with neurodegenera-
tion through diverse mechanisms.15-18

Together, these findings suggest that increasing Klotho 
levels in the brain would have a beneficial effect to prevent 
cognitive impairment associated with normal aging and neu-
rodegenerative diseases and also prevent motor deficits in PD 
and ALS. There are several approaches to regulate Klotho 
expression, one being regulation of gene transcription.

1.3 | The Klotho promoter and its 
transcriptional regulation

The Klotho promoter and first exon lay within a CpG island 
and indicates a possible mechanism of pretranscriptional 
epigenetic silencing as a potential candidate for age-related 

downregulation.19 The Klotho promoter is methylated with 
age,19 in several types of cancer,20-22 renal fibrosis23 and 
Duchenne muscular dystrophy (DMD).24 Several transcrip-
tion factors (TFs) were reported as transcriptional regulators 
of Klotho, including Vitamin D receptor (VDR),25,26 Egr1 
(early growth response protein 1),27 and peroxisome prolif-
erator activation receptor γ (PPARγ).28

1.4 | Zinc finger proteins

Zinc Finger Proteins (ZFPs) belong to the class of DNA-
binding proteins. They bind to DNA through a finger-shaped 
fold, which is stabilized by zinc ions coordinated to a com-
bination of cysteine and histidine residues. Advancements in 
design and engineering of ZFPs have led to genome targeting 
by fusing them to other functional domains for several thera-
peutic purposes.29-31 A great deal of progress has been made 
to develop the modular building blocks that recognize spe-
cific three nucleotide sequence (triplet) of DNA sequence.32 
These modular building blocks can be fused together to create 
proteins that can bind to a specific DNA sequence. Combined 
with effector domains that result in transcriptional activators 
or repressors, these artificial engineered ZFPs can have tran-
scriptional control of any specific gene of interest.29,30

The Cys2-His2 zinc finger motif was first identified in 
the DNA- and RNA-binding transcription factor TFIIIA.33 
It provides the ideal structural scaffold on which a se-
quence-specific ZFP might be constructed. Each ZFP motif 
consists of 30 amino acids with a simple ββα fold stabilized 
by hydrophobic interactions and the chelation of a single zinc 
ion. Presentation of the α-helix of this motif into the major 
groove of DNA allows for sequence-specific base contacts. 
Each zinc finger motif typically recognizes a DNA triplet, 
simple covalent tandem repeats of the zinc finger motif allow 
for the recognition of longer asymmetric sequences of DNA 
by this motif. The recognition specificity is due to the amino 
acids located at positions −1, +1, +2, +3, +4. +5, and +6 
relative to the start of α- helix.34 Change in these amino acids 
can change its specificity. The remaining amino acids of the 
30 amino acids can remain unchanged, and constitute the 
backbone of ZFP. Each zinc finger motif typically binds a 
triplet, a complete recognition of all possible triplets requires 
the characterization of 64 motifs. Computational tools are 
available to predict and design ZFP specific to certain tar-
get sequences. For example, Zinc Finger Tools32 employs a 
nonredundant set of 49 helices to target as many DNA trip-
lets. This set includes zinc fingers that recognize 16 GNN, 15 
ANN, 15 CNN, and 3 TNN triplets.32

K E Y W O R D S
aging, Alzheimer's disease, cancer, kidney disease, neurodegeneration, transcription factor



   | 3CHEN ET AL.

In this study, we aimed to design a method to significantly 
upregulate Klotho by targeting its promoter sequence within 
300 bp upstream of the translation start site. We designed the 
ZPF constructs either de novo from modular building blocks 
or modified sequences from the natural Egr1 transcription 
factor backbone structure. We tested the transcriptional acti-
vation effects of these ZFPs in HEK cells expressing the dual 
luciferase reporter linked to the 4-kb human Klotho promoter 
and in HK-2 human kidney cells. We found the best ZFPs and 
further enhanced the activation effects of Klotho expression 
using various transcriptional activation domains.

2 |  MATERIALS AND METHODS

2.1 | Plasmid construction

To make mutations in the Egr1-binding sites in the Klotho 
promoter, the mutation was introduced by amplifying DNA 
with ClonAmp HiFi polymerase and self-ligating of the PCR 
product using In Fusion kit (Clontech).

ZFP1 and ZFP52 cDNA were commercially synthesized 
(Genewiz) and cloned into pcDNA3.1TOPO (Invitrogen). 
ZFP1-Egr1-site1-sense, ZFP1-Egr1-site2, ZFP3-Egr1-site3-
antisense, and ZFP4-Egr1-site1-antisense cDNA fragments 
(BamHI-NheI) were synthesized (Genewiz) and cloned into 
ZFP52/pcDNA3.1TOPO vector digested with BamHI and 
NheI. To construct ZFP3-VPR (V64, p65, and Rta activation 
domains), and ZFP52-VPR, the VPR insert, and the vector con-
taining either ZFP3 or ZFP52 were amplified with ClonAmp 
HiFi polymerase according to the manufacturer's protocol.

The insert and vector bands (100 ng each) were ligated 
together using In Fusion kit (Clontech) to generate the final 
ZFP3-VPR or ZFP52-VPR constructs.

To construct Egr1-Insert2 and Egr1-Insert3 construct, the 
additional three zinc finger motif insertions were synthesized 
(Genewiz) and cloned into Egr1 by ClonAmp HiFi poly-
merase and In Fusion kit (Clontech).

To clone the Egr1-Insert2-RR (repressor removed) and 
Egr1-Insert3-RR constructs, the repressor domain was re-
moved by amplifying DNA with ClonAmp HiFi polymerase 
followed by self-ligation of the PCR product using In Fusion 
kit (Clontech).

To clone the inducible ZFP3_VPR and ZFP52_VPR, 
the ZFP3_VPR, and ZFP52_VPR cDNA inserts and the 
inducible vector (Lenti-iCas9-neo, Addgene #85400) were 
amplified using the following primers using Clontech HiFi 
according to the manufacturer‘s protocol:

5 ′ - G AC G AT G AC G ATA AG G C C C AG G C G G C 
CCTGGAGCCC-3′ (forward primer for ZFP3_VPR);

5 ′ - G C T G A A G T T G G T G G C A T G G T G A T G G 
TGATGATGACCGGTAC-3′ (reverse primer for both ZFP3_
VPR and ZFP52_VPR);

5′-GACGATGACGATAAGGCCCAAGCTGCCTT 
AGAACCCGGCG-3′ (forward primer for ZFP52_VPR);

5′-GCCACCAACTTCAGCCTGCTGAAG-3′ (forward 
primer for inducible vector);

5′-CTTATCGTCATCGTCTTTGTAATCCATGG-3′ 
(reverse primer for inducible vector).

To clone the VPR domain shortening constructs, the fol-
lowing primers were used to remove the short segment to 
generate VPR single, double, triple, and quadruple deletion 
constructs:

Short1_FWD:
5′-TCTCAGGCCTCTGCTCTGGCTCCAGCC-3′.
Short1_RV:
5′-AGCAGAGGCCTGAGAACCAACTTTGCGTTTCT 

TTTTCGGAG-3′.
Short2_FWD:
5′-CCACTGGATCCAGCGCCCGCAGTG-3′.
Short2_RV:
5′-CGCTGGATCCAGTGGGCCCTCAAACACGTC 

ACTAATAGC-3′.
Short3_FWD:
5′-GGCACACTGTCTGAAGCTCTGCTGC-3′.
Short3_RV:
5′-TTCAGACAGTGTGCCCACCTGAGGAGGGG 

CTGGAGCCAGAG-3′.
Shor4_FWD:
5′-GATGAGCTGACAACCACACTTGAGTC-3′.
Short4_RV:
5 ′ -GGTTGTCAGCTCATCGGCCACAGGGATG 

CCCTGGTTCAGC-3′.
The cDNAs and protein sequences of the constructs are 

listed in Supplemental Materials.

2.2 | Cell lines and transfections

We used HEK293 and HK-2 cell lines for the studies. Cell 
culture and transfections were performed as described 
previously.35

2.3 | Luciferase reporter assay

For measurement of firefly luciferase (FLuc) expression, 
the coincidence reporter vector under Klotho promoter 
was used and measured with a Luciferase kit (Promega) as 
described.35

2.4 | Klotho protein analysis

ELISA assay for human Klotho was purchased from IBL and 
performed according to the manufacturer's protocol.
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Cell viability and cytotoxicity were calculated as de-
scribed previously.16

3 |  RESULTS

3.1 | Searching for potential Egr1-binding 
sites in the Klotho promoter region

Researchers examined the transcriptional regulation of the 
Klotho gene by epidermal growth factor (EGF) in human em-
bryonic kidney cells (HEK293).27 Serial deletion of promoter 
fragments, identified a proximal 45 bp (−90 to −45) region 
responsible for EGF-induced promoter activity that contains 
the Egr1-binding element.27 The researchers showed that 
overexpression of Egr1 increased Klotho gene promoter ac-
tivity, while a point mutation in the Egr1-binding element 
abrogated promoter activation. We further expanded studies 
of Klotho promoter regulation by Egr1 in order to upregulate 
Klotho expression in the brain. We identified two additional 
binding sites for Egr1 in the Klotho promoter not previously 
described: in the −89 to −97 bp (sense orientation) and −158 
to −166  bp (antisense orientation) regions upstream of the 
start codon (Figure 1).

First, we cloned a mutation of each one of these sites (M1: 
GCGGGGGTG  →  GCTGTTTTG); (M2: CTGGGGGTG
GGGGCA  →  CTAAGGACAAGGACA) into two vectors 
containing firefly luciferase reporters under the regulation 
of Klotho promoter fragments, −289  bp, and Klotho pro-
moter, −1800 bp, respectively, from the translation start site 
(+1ATG), in HEK293 cells. Activation of the promoter was 
reduced significantly, but not completely by either of the mu-
tations. However, when we mutated both sites, the Egr1 ef-
fect on promoter activation was abrogated almost completely. 
Having such a convincing result obtained previously, and 

confirmed and expanded by us, we questioned whether we 
can upregulate Klotho expression in brain cells transfected 
with the Egr1 transcription factor. We detected a significant 
increase in Klotho mRNA in 2 neuronal cell lines 48 hours 
after transfection, supporting the potential of this transcrip-
tion factor to enhance Klotho expression in the brain through 
specific Klotho promoter-binding sites.

3.2 | Target site selection and ZFP design

As recently reported, targeting the proximal promoter region 
closer to the transcription start site results in the maximal level 
of gene activation using the CRISPR system,35,36 and because 
of the divergent transcription activities from active promoters 
around 250 bps upstream of transcription start site,37,38 we there-
fore selected ZFPs target sites within −300 bps of the Klotho 
promoter region (Figure 2). As mentioned above, we identified 
two additional binding sites for Egr1 in the Klotho promoter re-
gion in addition to the reported Egr1-binding site in the −51 to 
−59 bp (GCG GGG CGC, site 1): −89 to −97 bp (GCG GGG 
GTG, site 2) and −158 to −166 bp (CTG GGG GTG, antisense 
orientation, site 3) upstream of the start codon. To activate en-
dogenous Klotho gene transcription using ZFPs, we searched 
in the human Klotho promoter within −300-bp region for the 
optimal ZFP-binding sites using the ZFP design tool.32 There 
are other ZFP design tools available, however, the database we 
used is the original ZFP design tool, and we found it very effec-
tive. We found two target sites between −300 and −200 bp up-
stream, one is at −300 bp (name ZFP1) and another at around 
−249 bp (name ZFP52, 52 bp from −300) (Figure 2A). In ad-
dition, we chose the three Egr1-binding sites because we were 
able to consistently activate Klotho gene expression by over-
expressing Egr1 transcription factor (Figure 2A). We used two 
design strategies to construct ZFPs. One is the de novo method 

F I G U R E  1  Mutations in the Egr1-binding sites (M1 and M2) in the Klotho promoter fragments −289 (A) and −1800 bp from the translation 
start site ((+1) ATG). B, Increased Klotho transcription in Egr1-transfected cells. Mutating both sites prevents upregulation by Egr1 almost 
completely. *P < .05; **P < .01 (transfected with empty vector (EV) or Egr1; mutated vs WT). C, qPCR analysis of Klotho expression in two 
neuronal cell lines 48 h after transfection with the Egr1 transcription factor
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to artificially design ZFPs, and another method is to design a 
ZFP based on the natural existing Egr1 protein (Figure 2B). 
The de novo design consists of the ZF domain, a nuclear locali-
zation sequence (NLS), and VP64 transcription activator do-
main together with a HA-tag for protein detection (Figure 2B). 
For the natural engineered method, we inserted 3 additional 

zinc fingers downstream of the original existing ZF domain to 
increase specificity. It is well established that to uniquely rec-
ognize only one target out of the entire human genome, at least 
18 bps (418 ~ 69 billion) are required to ensure uniqueness in 
the genome (~3 billion total bps). We, therefore, designed ZF 
domains ranging from a minimum of 6 fingers to 10 fingers 

F I G U R E  2  A, Diagram of ZFP target sites in the Klotho promoter region (−300 bps) of the four de novo ZFPs, and two natural-engineered 
ZFPs. ZFP ID name and target are indicated. B, Diagram of the de novo and natural engineered ZFPs. NLS: nucleus localization sequence. HA: HA 
epitope tag. Red arrow (additional) shows the location where three additional fingers were inserted to construct the ZFP into six fingers
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that recognize 18-30 bps of DNA target sequences. We de-
signed six ZFPS by the de novo method: ZFP1, ZFP52, ZFP1-
site1, ZFP2-site2, ZFP3-site3, and ZFP4-site1-AS (targeting 
Egr1 site1 at antisense orientation) (Figure 2A); and 2 ZFPs 
by natural method: Egr1-insert2 (targeting Egr1-binding site 2) 
and Egr1-insert3 (targeting Egr1-binding site 3) (Figure 2A). 
The ZFP ID name, binding position, binding sequence, and the 
zinc finger domain recognition amino acid sequences are listed 
in Tables 1 and 2. Structural studies have suggested that each 
finger contacts DNA in an antiparallel manner.33,34 In a typi-
cal 3 zinc fingers that recognize 9-bp DNA sequence, the first 
finger would recognize the 3′-most triplet, the second finger 
recognizes the second triplet, the third finger recognizes the  
5′-first triplet. Table 2 lists the ZFPs and their seven specific-
ity-determining residues in each finger.

3.3 | Evaluation of Klotho gene activation 
using a dual luciferase coincidence 
reporter system

We cloned the human Klotho promoter of about 4 kb into a 
dual luciferase reporter system. This system stoichiometrically 
expresses two orthologous reporters, firefly luciferase (FLuc) 
and PEST-destabilized nanoLuc luciferase (NLuc), under the 
control of the Klotho promoter.35 To examine the efficiency 
of the ZFPs on Klotho gene activation, we transfected the ZFP 
expression plasmids into HEK293 cells stably expressing the 
FLuc NLuc coincidence reporter driven by the 4-kb Klotho 
promoter. The results showed that ZFP3-site3, Egr1-insert2, 
and Egr1-insert3 significantly activated Klotho gene tran-
scription, with the natural engineered constructs Egr1-insert2 
and Egr1-insert3 performing better (four- to sixfold increase) 
(Figure 3). In the 4-kb Klotho promoter reporter system, the 
positive control transcription factor Egr1 for Klotho gene ac-
tivation resulted in three- to fourfold increase of Klotho gene 
expression, compared to empty vector control (Figure 3).

3.4 | Evaluation of Klotho gene activation in 
HK-2 cells

Klotho is mainly expressed in brain and kidney.3 Therefore, 
we sought to investigate whether the ZFPs can activate 
Klotho expression in cell lines from these organs that express 
Klotho endogenously. We transfected the ZFPs into HK-2 
cells and examined Klotho protein levels and found that 
ZFP52 and ZFP3-site3 enhanced Klotho protein expression 
two- and threefolds, respectively (Figure 4). Klotho protein 
level was evaluated using the human ELISA kit. The ELISA 
kit from IBL is very sensitive and can measure human Klotho 
protein quantitatively with great accuracy. The Egr1 over-
expression resulted in significant Klotho gene expression 
compared to empty vector control (Figure 4). However, the 
effects of Klotho activation by Egr1 were not as strong com-
pared to the stable FLuc NLuc coincidence reporter HEK293 
cells system.

To further enhance Klotho gene expression, we improved 
the activation domain to include additional p65 and Rta 
domains in addition to the VP64 domain. The constructs 
ZFP52_VPR and ZFP3_VPR showed enhanced activation 
abilities that further increased Klotho gene expression to 
five- and threefolds, respectively (Figure 4). For the engi-
neered Egr1 constructs, we sought to increase the activity 
by removing of the repressor domain (Egr1 repressor39,40) 
(Figure  2). We were able to enhance Klotho activation 
with the Egr1-insert2-RR (remove repressor) and Egr1-
insert3-RR constructs, the effects were significant for Egr1-
insert3-RR mutant, but were not as strong compared to the 
de novo constructs (Figure 4). We then combined the best 
two constructs to determine whether there are synergistic 
effects for activation, but we only detected a slight and not 
significant increase with the ZFP52_VPR and ZFP3_VPR 
constructs (Figure  4). These results showed that we were 
able to activate Klotho protein expression up to fivefolds 
with our ZFP constructs.

T A B L E  1  ZFP ID, binding osition, 
and binding sequences
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3.5 | Evaluation of cross-reactivities of the 
ZFP constructs in mouse cells

In order to check whether the ZFP constructs we designed 
can also work on the mouse Klotho promoter region to acti-
vate mouse Klotho gene expression, we transfected ZFP3 and 
ZFP52 constructs in a N2a knock-in line with NLuc inserted 
into 3’-UTR of the Klotho gene by CRISPR genomic edit-
ing technology. In this system, Klotho transcript and NLuc 
are expressed off the same Klotho promoter by the P2A 
sequence. Thus, we can monitor Klotho gene transcription 
using NLuc activity. We found that, as expected, ZFP52 con-
structs did not activate Klotho gene expression, however, to 
our surprise, both ZFP3 and ZFP3_VPR constructs were able 
to activated mouse Klotho gene expression (Figure 5A). The 
effects were also observed in mouse N2a cells using qPCR, 
where we were able to detect more than 390-fold increase 
in Klotho mRNA (Figure 5B,C). We were surprised by the 
results of cross-reactivity by ZFP3 constructs. The alignment 
of the mouse and human Klotho promoter region showed 
that indeed, the similarity between human and mouse Klotho 
promoter sequence at the ZFP52-binding site is very low; 
however, they exhibit fairly high similarity between ZFP3-
binding site with 16/24 identical bases (Figure 5D). The re-
sults suggest that ZFP3 constructs can work on both human 
and mouse systems to activate Klotho gene expression.

3.6 | Evaluation of the neuroprotective 
activity of the ZFP construct in HT-22 cells

To determine whether the ZFP construct that activates Klotho 
in mouse cells can protect against glutamate cytotoxicity, 
we employed the glutamate toxicity assay in the HT-22 hip-
pocampal cell line as a model for neuronal death by oxida-
tive damage. We found that transfection of ZFP3_VPR into 
HT-22 cells can significantly increase cell viability in the 
presence of either 3  mM or 4  mM glutamate as measured 
by CellTiter-Glo (Figure 6). Overexpression of the extracel-
lular domain of Klotho (KL980 construct) can also increase 
cell viability; however, the effects were not as significant as 
ZFP3_VPR construct (Figure 6). These results suggest that 
ZFP construct can work on a hippocampal cell line to protect 
against neurotoxicity caused by glutamate.

3.7 | Improving VPR transcription 
activation domain

The length of the VPR transcription activation domain (TAD) 
is 57 kD. The size of the protein is an important limiting fac-
tor when considering protein production in the E coli system. 
In order to improve the size of the TAD by searching for TA
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the “minimum requirement TAD,” we sought to remove or 
shorten an unnecessary amino acid “spacer” to achieve equal 
or better transcription activity of the VPR. We used the nine 
amino acids transcription activation “9aaTAD” prediction 
tools (https://www.med.muni.cz/9aaTA D/) to retain the pre-
dicted TAD motifs and remove unnecessary segments in the 
VPR. We predicted two segments for removal from original 
VPR sequence (Short 1 and Short 2 segments in Figure 7A), 
and the resulting constructs were VPR single deletion 
(VPR-SD) and VPR double deletion (VPR-DD) constructs 
(Figure  7A). We further predicted and removed two addi-
tional segments (Short 3 and Short 4) to produce VPR triple 

deletion (VPR-TD) and VPR quadruple deletion (VPR-QD) 
(Figure 7B). The detailed amino acid sequence of all the de-
letion constructs are listed in the “Sequence list.” We tested 
the ZFP3 deletion constructs in both mouse and human cell 
systems for activities since it worked in both systems, and 
ZFP52 only in human HK-2 cells. We found that in the case 
of ZFP3 construct, deleting the first two segments resulted 
in similar or slightly better transcription activities; however, 
further deletion of the Short 3 and 4 segments resulted in re-
duction of transcription activities (Figure 7C). In the case of 
the ZFP52 construct, deletion of the first three segments im-
proved the transcription activities; however, further deletion 
of the Short 4 segment resulted in reduction of transcription 
activities (Figure 7D).

4 |  DISCUSSION

ZFPs that recognize unique DNA sequences are a potentially 
powerful technology with multiple uses in drug discovery 
for the design of novel human therapeutics. Notably, a ZFP 
combined with a nuclease has been used for targeted DNA 
cleavage,31 and has resulted in more than 23 clinical trials 
(https://clini caltr ials.gov ZFN keyword search). Other appli-
cations of combining ZFP with different functional domains 
include a ZFP combined with a ligand binding domain for 
use in high-throughput screening, a ZFP combined with a 
DNA methylation enzyme or histone deacetylase for DNA 
and chromatin modification, a ZFP combined with a tran-
scriptional activator or repressor for gene regulation, and a 

F I G U R E  3  Klotho gene activation in a dual luciferase coincidence reporter system. A, Schematic view of the firefly, NLuc coincidence 
reporter system under control of Klotho 4-kb promoter. The P2A ribosome skipping sequence is indicated. B, Fold activation of Klotho gene 
expression by ZFPs was evaluated with the dual luciferase coincidence reporter system in stable HEK293 cells. Cells were analyzed by the dual 
luciferase assay 2 days after transfection with ZFPs. Negative control: empty vector (EV). Positive control: Egr1 transfected cells. Data are 
expressed as fold over negative control. Error bars show standard deviation among six to eight replicates

F I G U R E  4  Klotho fold activation in HK-2 cells using ZFP 
constructs measured by Klotho ELISA kit. *P < .05. Results 
normalized to total protein measured by BCA
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ZFP combined with retroviral intergrase for targeted DNA 
integration (for a review see41).

The ultimate and perhaps most important application of 
ZFPs may be their use as therapeutics to control gene ex-
pression to prevent or cure diseases. It is especially an at-
tractive alternative way to activate or repress genes where no 
conventional pharmaceutical drugs are available, since it is 

estimated that only 25%-50% of the human genes implicated 
in disease will provide appropriate targets for small molecule 
drugs.42 The antiaging and cognition-enhancing gene Klotho 
may be one of the ideal candidate genes to activate using the 
ZFP approach since all the existing drugs or chemicals that 
activate Klotho are either nonspecific or the effects are not 
significant. Klotho is a multifunctional protein that has the 

F I G U R E  5  Klotho activation in mouse N2a cells using ZFP constructs. A, Fold activation of Klotho gene expression in N2a Nluc knockin 
cells using ZFP constructs measured by Nanoluc assay. Negative control: empty vector (EV). Positive control: Egr1 transfected cells. Data are 
expressed as fold over negative control. *P < .05. B and C, Klotho activation in mouse N2a cells using ZFP constructs measured by qPCR. D) 
Alignment of human and mouse Klotho promoter sequence (−350 to −1). The ZFP3 and ZFP52 binding sites are indicated
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potential to cure or prevent diseases such as neurological  
disorders including AD,12 ALS,18,43 MS,44 and several age- 
related diseases including cancer,45 chronic kidney disease,46 
and cardiovascular disease.47

In this study, we described a method to specifically and 
significantly upregulate Klotho using ZFPs combined with 
transcriptional activation domains VP64, p65, and Rta. We 
also identified two additional Egr1-binding sites in the Klotho 
promoter region. We scanned the Klotho promoter for ZFP-
binding sites, selected target sites, designed, and assembled 
ZFPs from an archive of premade modules and from natural 
engineered Klotho activating transcription factor Egr1, and 
we screened the ZFPs for efficacy in two cell-based assays. 
We found that two target sites are particularly efficient in 
activating Klotho gene expression: around −250-bps region 
and the third Egr1-binding site located at −158 to −166-bp 
region of the Klotho promoter upstream of the start codon. 
Combination of multiple transcription activators increased 
Klotho activation abilities. Finally, using VPR as activation 
domain is better than using VP64 alone (Figure 4).

We found that the natural engineered Egr1 ZFP con-
structs worked better in the dual luciferase reporter system 
HEK cell line; however, the de novo designed ZFP constructs 
performed better in HK-2 cells that express Klotho endog-
enously. The difference in the two systems may be due to 
different cell environments in response to Egr1. In the HEK 
stable cell system, the Klotho promoter region is only 4 kb in 
length and the repressor regulatory elements present in the 

endogenous Klotho promoter are missing in this system. In 
contrast, the activation effect of Egr1 is not as strong in HK-2 
cells which have the endogenous promoter containing repres-
sors. We do not know whether these ZFPs can only activate 
cells that express Klotho endogenously or they can also in-
crease Klotho expression in cells that normally do not express 
Klotho. When we evaluated the effects of our best two ZFPs, 
ZFP52_VPR, and ZFP3_VPR constructs in Caco-2 cells, a 
continuous line of heterogeneous human epithelial colorectal 
adenocarcinoma  cells, and examined the effects on Klotho 
expression by ELISA, we were not able to detect Klotho pro-
tein activation (data not shown). Based on our experiments, 
the ZFPs can activate Klotho transcription activities in cells 
that express Klotho endogenously such as in HK-2 cells, but 
not in an environment where the promoter is highly meth-
ylated such as in Caco-2 cells. In any case, the de novo de-
signed ZFPs is a better approach because Egr1 is responsive 
to many stimulating factors such as growth factors, stress, and 
insulin48 and using the natural engineered Egr1 transcription 
factor backbone for Klotho activation may result in side ef-
fects due to unwanted stimuli. Whether ZFPs would affect 
other Egr1-regulated genes awaits further investigation.

We then evaluated the cross reactivates of the ZFP con-
struct in mouse cells. We found that ZFP3 constructs can 
work on both human and mouse systems to activate Klotho 
gene expression. We plan to apply these ZFP constructs for in 
vivo studies in a mouse in the future.

In a functional assay, we then evaluated the neuroprotec-
tive effects of the ZFP construct in HT-22 cells. We found 
that the ZFP3_VPR construct was able to protect against 
neurotoxicity caused by glutamate in the hippocampal cell 
line HT-22. The implication of these results is that this con-
struct could benefit patients with neurodegenerative diseases 
such as AD, MS, and ALS. It is likely that the ZFP constructs 
could operate in other diseases where Klotho overexpression 
is beneficial, such as kidney disease, cancer, and more.

Next, we then sought to improve the VPR transcription 
activation domain (TAD) in order to produce a shorter and 
better version of TAD. We found that we were able to remove 
two or three segments of spacer that do not contribute to tran-
scriptional activities.

ZFP construct could be delivered with an inducible sys-
tem using gene therapy for controlling the dose and timing 
of Klotho enhancement. In the future, we plan to apply these 
ZFP constructs for in vivo studies. The ZFP can be deliv-
ered by AAV or other viral based gene therapy methods. 
The advantage of using AAV-ZFP over AAV-Klotho are: (a) 
Safety: an extra copy of Klotho (inducible or not) is unfavor-
able because Klotho levels should be tightly controlled, and 
Klotho overexpression could have unwanted side effects. (b) 
AAV-ZFP method increases endogenous Klotho expression, 
under physiological conditions that produce both membrane 
and secreted isoforms of Klotho, whereas AAV-Klotho only 

F I G U R E  6  Evaluation of neuroprotective activity of the ZFP 
construct in HT-22 cells. Relative fluorescence of viable cells was 
measured in HT-22 cells transfected with ZFP3_VPR in the presence 
of either 3 or 4 mM of glutamate. *P < .05 compared to empty vector 
control (EV)



   | 11CHEN ET AL.

delivers one isoform depending on which construct is deliv-
ered. When using ZFPs for in vivo studies, it might be useful 
to ensure that the amplitude and timing of Klotho activa-
tion can be regulated and controlled with a small molecule 
or other controllable means. One approach is to control ZFP 
expression using an inducible promoter such as the TET-ON 
system with doxycycline.48,49 Another example is to express 
the ZFP as inactive form in the cytosol, and then activate it as 
desired by a small molecule drug to induce nuclear transloca-
tion and gene activation. One approach has been to fuse the 
ZFP to a steroid hormone receptor ligand binding domain, 
and to control the nuclear translocation using drugs such as 
4-hydroxytamoxifen or RU-486.50 Another strategy is to use 
a rapamycin analogue to control the assembly of the ZFP and 
the transcription activation domain. In this case, the ZFP and 
the activation domains are each fused to the rapamycin-bind-
ing domain, and the drug brings the two parts together to 
achieve gene activation.51 Another alternative approach is 

to use a blue light-inducible system. It was demonstrated 
that blue light can induce heterodimerization of the proteins 
GIGANTEA (GI) and the light oxygen voltage (LOV) do-
main of FKF1.52 The ZFP and the activation domains can 
be each fused to GI and LOV domains, and exposure to the 
blue light would bring the two parts together to achieve gene 
activation.

In addition to using the activation domain, we can combine 
ZFPs with a DNA methylation enzyme or a histone deacetyl-
ase for DNA and chromatin modification on the Klotho gene, 
since DNA and chromatin methylation are important factors 
for Klotho gene expression.

Once we show the feasibility of in vivo Klotho activation 
by ZFPs in wild-type mice, this technique can be expanded 
into disease mouse models such as AD, ALS, MS, and other 
neurodegenerative diseases, as well as other age-related dis-
eases including cancer, chronic kidney disease, and cardio-
vascular disease.

F I G U R E  7  Evaluation of Klotho activation using VPR deletion constructs. Diagram of the VPR map (A) and VPR-DD map (B) showing 
VP64, p65, and Rta transcription activation domains. TAD: 9aaTAD motifs. The Short 1, 2, 3, and 4 segments removed are indicated. C, Klotho 
activation using ZFP3_VPR deletion constructs in mouse (N2a and HT22) and human HK-2 cells measured by qPCR. *P < .05 compared to empty 
vector control (EV). D, Klotho activation using ZFP52_VPR deletion constructs in human HK-2 cells measured by qPCR. *P < .05 compared to 
empty vector control (EV).
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