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SUMMARY
Mosthuman transcription factor (TF) genesencodemultipleprotein isoformsdiffering inDNA-bindingdomains,
effector domains, or other protein regions. The global extent to which this results in functional differences be-
tween isoforms remains unknown.Here,we systematically compared 693 isoforms of 246 TF genes, assessing
DNA binding, protein binding, transcriptional activation, subcellular localization, and condensate formation.
Relative to reference isoforms, two-thirdsofalternativeTF isoformsexhibit differences inoneormoremolecular
activities, which often could not be predicted from sequence. We observed two primary categories of alterna-
tive TF isoforms: ‘‘rewirers’’ and ‘‘negative regulators,’’ both of which were associated with differentiation and
cancer.Our results support amodelwherein the relative expression levels of, and interactions involving, TF iso-
forms add an understudied layer of complexity to gene regulatory networks, demonstrating the importance of
isoform-aware characterization of TF functions and providing a rich resource for further studies.
Molecular Cell 85, 1445–1466, April 3, 2025 ª 2025 Elsevier Inc. 1445
All rights are reserved, including those for text and data mining, AI training, and similar technologies.
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INTRODUCTION

Gene regulatory programs are major drivers of cellular pheno-

types in development and disease and are controlled by

sequence-specific transcription factors (TFs).1 The last four de-

cades have seen an explosion in studies and throughput to

determine TF DNA-binding specificities,2–5 transcriptional activ-

ities,6–8 and protein-protein interactions (PPIs).9–11 These efforts

have focused on generating profiles for the wild type, reference

isoforms, or individual domains. However, few studies consider

the multiple TF proteoforms resulting from alternative promoter,

splice site/junction, and/or terminal exon usage (Figure 1A).12–14

Recent studies have investigated how TF coding variants

affect functions such as DNA binding and transcriptional activity,

ranging from no detectable effect to complete loss or even gain

of functions.5,15,16 However, different TF isoforms remain far less

studied, despite being widespread. Indeed, TFs are among the

most frequently spliced classes of genes17,18 and most human

TFs are present as multiple isoforms19 (�4,100 isoforms across

�1,600 TF genes).20,21 This is likely a substantial underestimate,

as novel disease- and condition-specific isoforms continue to be

detected by long-read RNA sequencing (RNA-seq) technolo-

gies.21–25 Importantly, mass spectrometry studies suggest that

most frame-preserving isoforms are translated, highlighting the

importance of studying their functional activities.26

Though most TF isoforms remain uncharacterized, some are

known to exhibit drastically different functions,27,28 differentially

binding to DNA, cofactors, or chromatin-associated pro-

teins.18,27,29–31 Notably, two isoforms of FOXP1 exhibit different

DNA-binding specificities and consequently drive opposing phe-

notypes in differentiation.32 TF isoforms also play distinct roles in

disease. For example, altered expression of an alternative iso-

form of WT1 causes Frasier syndrome.33 The alternative and

reference isoforms differ by only 3 amino acids (aa) (�KTS) but

diverge substantially in DNA-binding specificity.34 Moreover,

TF isoforms can be dysregulated in cancer.35 Several oncogene

or tumor suppressor TFs encode dominant-negative isoforms

that compete with reference isoform activity, including

STAT3,36,37 ESR1,38,39 and TP53.40

These few cases are striking, prompting the question of

whether they represent a more general phenomenon of alterna-

tive isoforms diversifying TF functions. Previously, we reported

that protein isoforms often exhibit functional differences in

their PPIs, supporting the latter hypothesis.41 However, few

studies have interrogated isoform-resolved TF functions, primar-

ily due to technical limitations. For example, chromatin immuno-

precipitation (ChIP)-seq studies use antibodies that rarely

distinguish between isoforms.42 Most large-scale studies of hu-

man TF-DNA binding consider only the reference isoforms or

only DNA-binding domains (DBDs).2,3,43,44 Additionally, high-

throughput transcriptional activity studies mostly test short pep-

tides, which canmiss synergistic or antagonistic effects between

domains within full-length isoforms.6,7,45 Overall, there is a need

for high-throughput, integrative, experimental approaches to

dissect the mechanisms by which alternative isoform usage al-

ters TF regulatory functions.

Here, we present an in-depth, experimentally driven investiga-

tion into the functional differences between 693 isoforms of 246
1446 Molecular Cell 85, 1445–1466, April 3, 2025
TFs. The results reveal system-scale relationships between TF

sequence and functional diversity, including DNA binding, tran-

scriptional activation, PPIs, localization, and condensate forma-

tion. In this study, we present evidence that most alternative iso-

forms diversify TF functions, provide a quantitative survey of the

mechanisms involved, and propose that this rewiring of molecu-

lar functions through alternative isoforms constitutes an often

overlooked but important layer of complexity in gene regulation

in development and disease.

RESULTS

TF isoforms are prevalent and frequently affect
functional domains
To investigate the prevalence of TF isoforms that may affect

gene regulatory networks (GRNs), we cataloged annotated pro-

tein-coding isoforms of TF genes. GENCODE21 annotates 4,144

protein-coding isoforms for the 1,635 human TF genes,20 with

992 TF genes (61%) encoding multiple isoforms (Figures 1B

and S1A). For each gene, we defined a ‘‘reference’’ isoform using

the MANE select representative transcript annotation set46 and

compared pairwise all ‘‘alternative’’ isoforms of each gene to

their cognate reference isoforms. aa sequence differences be-

tween alternative and reference isoforms arise from alternative

N-terminal regions, C-terminal regions, and/or alternatively

spliced internal exons (Figure S1B). Across alternative TF iso-

forms, a median of 18.8% of aa are deleted (Figure 1C). Although

insertions and frameshifts are rare, 195 (8.5%) and 68 (3%) iso-

forms contain insertions or frameshifts, respectively, affecting

>10% of their total length (Figure 1C).

Domains such as DBDs and effector domains mediate spe-

cific biophysical interactions vital to TF functions. We mapped

three key domain types to TF isoforms: (1) conserved structural

domains (Pfam), separated into DBDs and other domains (e.g.,

ligand-binding domains); (2) effector domains shown to either

activate or repress transcription6–8; and (3) nuclear localiza-

tion/export signals (NLS/NES). Overall, 1,728 alternative TF iso-

forms (75%) differed by R1 aa in one of these domains.

Despite the frequency of affected domains, however, DBDs

and effector domains are affected significantly less than ex-

pected by chance, whereas NLS/NES motifs and other Pfam

domains are not (Figures 1D, S1C, and S1D). This supports re-

ports that splicing boundaries often reside outside of domains,

perhaps reflecting selection pressure to avoid deleterious

splicing variants47 or evolutionary selection through which

entire exons are gained or lost.48

Next, we examined the expression patterns of TF isoforms

across GTEx,49 which comprises primarily healthy human adult

tissues, and a time-course series of human development across

seven organs (‘‘developmental’’ RNA-seq).50 To correct for

imbalance between datasets, we re-sampled GTEx to the equiv-

alent size of the developmental RNA-seq (Figure S1E; STAR

Methods). As expected, reference isoforms generally had higher

maximum expression across tissues and developmental stages

than did alternative isoforms; however, alternative isoforms had

higher expression than their cognate reference isoforms in 522

(23%) and 551 (24%) cases in GTEx and developmental RNA-

seq, respectively (Figure 1E).
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Figure 1. Sequence and expression diversity of annotated TF isoforms

(A) Study schematic.

(B) Number of protein isoforms per TF gene.

(C) Percent of amino acids altered via deletions, insertions, or frameshifts in alternative isoforms compared with their cognate reference isoforms.

(D) Observed fraction of alternative isoforms withR10% removal of protein domains (blue X) compared with the null expected fraction (black error bars, 99%CI).

DBD, DNA-binding domain; NLS/NES, nuclear localization/export signals.

(E) Maximum expression of alternative TF isoforms compared with their cognate reference isoforms across re-sampled GTEx and developmental RNA-seq

datasets.

(legend continued on next page)
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Some TFs, including FOXP1,32 REST,51 and GRHL1,52

dramatically ‘‘switch’’ from expressing one particular isoform

to another at key developmental stages. To determine the prev-

alence of switch events, we calculated the percentage of total TF

gene expression for each isoform (‘‘fractional isoform expres-

sion’’). We considered an alternative isoform to exhibit a switch

event if it changed its fractional expression by at least 70% be-

tween any two conditions. Isoforms with <10% fractional

expression in any condition were classified as ‘‘low’’ fractional

expression (22% in GTEx and 15% in developmental RNA-

seq), whereas other isoforms had more subtle ‘‘shifts’’ across

conditions (Figures 1F and S1F). Most TF isoforms (68% in

GTEx and 64% in developmental RNA-seq) exhibited shifts

rather than dramatic switching events (Figure 1G). Interestingly,

the fraction of alternative isoforms that showed switches is

higher in the developmental RNA-seq data than in GTEx

data (21% versus 11%, respectively), suggesting that many

alternative TF isoforms may affect gene regulation in early

development.

Overall, most TF genes with multiple isoforms have at least

one alternative isoform exhibiting switch or shift events in

GTEx (94%) or the developmental RNA-seq data (96%). For

example, an alternative isoform of HEY2, a cardiac transcrip-

tional repressor,53 lacks the N-terminal repression domain (RD)

and is more abundantly expressed in developing ovaries relative

to the reference (Figure 1H). In summary, most annotated alter-

native TF isoforms show differences in protein domains and var-

iable expression across tissues, particularly in development. Our

results suggest that alternative TF isoforms serve distinct roles in

GRNs and thus underscore the need to functionally characterize

TF isoforms.

Systematic characterization of TF isoforms reveals
differences in molecular interactions and regulatory
activity
Given that TF isoforms exhibit differences in primary sequence,

structural domains, and expression patterns, we hypothesized

that alternative TF isoforms likely exhibit widespread functional

divergence. To investigate this hypothesis, we systematically as-

sayed molecular functional differences across a large collection

of TF isoforms. This collection (TFIso1.0) was generated using

PCR from fetal and adult brain, heart, and liver—tissues with

well-documented differences in isoform expression54 (Fig-

ure 2A). TFIso1.0 comprises 693 isoforms, corresponding to

246 genes spanning most TF classes (Figure S2A; Data S1).

Comparing TFIso1.0 to GENCODE,21 510 isoforms match

known transcripts, whereas 183 (26%) are novel. These novel

isoforms were manually curated using GENCODE standards to

ensure high quality (STAR Methods). Because our cloning strat-

egy used annotated N- and C-terminal regions for primer design,

we likely missed unannotated alternative transcription start and

polyadenylation sites, and, consequently, novel TF isoforms
(F) Maximum andminimum alternative TF isoform fraction of gene expression in d

expressed isoforms. Only isoforms for TF genes with R1 transcript per million (T

(G) Percentage of alternative isoforms that exhibit switch events, shift events, or

(H) Left: exon diagram of HEY2 isoforms. RD, repression domain; HLH, helix-loo

isoforms in heart and ovary.
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were more likely to differ in internal exons and less likely to differ

at the N- and C-terminals compared with annotated alternative

TF isoforms (Figure 2B). Although the average expression

of novel isoforms was generally lower than for annotated alterna-

tive isoforms, their maximum expression values across condi-

tions were similar, indicating that novel isoforms may be more

tissue- or developmental-stage-restricted (Figures 2C and

S2B–S2D).

Experimentally solved 3D structures of alternative isoforms are

rare; therefore, to observe differences in 3D structure between

isoforms, we generated AlphaFold2 predictions.55 TFs are en-

riched for intrinsically disordered regions (IDRs),56 which have

recently been implicated in phase separation57,58 and DNA bind-

ing.59 Alternative isoforms had more residues in predicted IDRs

than did reference isoforms (Figure S2E).

We assessed protein-DNA interactions (PDIs), transcriptional

regulatory activities, andPPIs for isoforms in TFIso1.0 (Figure 2D;

STARMethods). We tested each function individually to see how

they vary independently, which is rarely possible in endogenous

contexts. We assessed TF-DNA binding using enhanced yeast

one-hybrid (eY1H) assays,4,60 where each TF isoformwas tested

against a collection of 330 DNA-baits consisting of develop-

mental enhancer or promoter elements (Data S2). The resulting

PDI profiles include 186 DNA-baits for which PDIs were detected

with at least one isoform. We assessed transcriptional regulatory

activities using amodifiedmammalian one-hybrid (M1H) assay in

HEK293T cells (Data S3), where full-length TF isoforms were

tethered to a Gal4 DBD and transcriptional activity was

measured by activation of the Gal4 upstream activation se-

quences upstream of the firefly luciferase gene (Figure S2F).

We assessed PPIs using yeast two-hybrid (Y2H) assays in which

each TF isoformwas systematically screened against the human

ORFeome v9.1, comprising 17,408 protein-coding genes,61 fol-

lowed by pairwise testing of each TF isoform with all interaction

partners for that TF. The resulting PPI profiles involved 253

isoforms of 87 TF genes, tested against 538 different protein

partners (Data S4), with all major TF families being well-repre-

sented (Figure S2G). Binary PPI and PDI calls validated when

random samples were re-tested in orthogonal assays

(Figures S2H–S2K; Data S2 and S4; STAR Methods), and M1H

activities were highly reproducible across biological replicates

(Figure S2L).

Compared with their cognate reference isoforms, 84% of

alternative isoforms differed in PPIs, 81% differed in PDIs, and

41% differed in transcriptional activity; although rarer than

loss-of-function isoforms, we also observed gain-of-function

isoforms in all three molecular activities (Figure 2E). Novel iso-

forms showed evidence of functionality in the assays at levels

similar to annotated alternative isoforms (Figures 2F and S2M).

Novel isoforms also showed evidence of translation in published

ribosome profiling followed by sequencing (Ribo-seq) data.62

Among isoforms with at least 1 unique exon-exon junction, we
evelopmental RNA-seq data. Dashed lines define ‘‘switching’’ events and lowly

PM) in R1 tissue time point are shown.

are lowly expressed in each dataset.

p-helix. Right: log2 TPM values (top) and isoform fractions (bottom) for HEY2
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Figure 2. Overview of TFIso1.0 clone collection and TF molecular function assays
(A) Generation of TFIso1.0.

(B) Percentage of alternative isoforms exhibiting various sequence differences relative to reference, among all GENCODE-annotated isoforms, and TFIso1.0

annotated and novel alternative isoforms.

(C) Median and maximum expression levels in developmental RNA-seq of reference, annotated alternative, and novel alternative isoforms in TFIso1.0.

(D) Primary assays used in this study. eY1H, enhanced yeast one-hybrid; Y2H, yeast two-hybrid; M1H, mammalian one-hybrid; Gal4-AD, Gal4 activation domain;

Gal4-DBD, Gal4 DNA-binding domain; Gal4-UAS, Gal4 upstream activation sequence.

(E) Percent of alternative TF isoforms showing differences compared with their reference isoforms in each assay. Loss of function corresponds to loss of all PDIs

or PPIs or complete loss of activation/repression in M1H; gain of function is defined reciprocally. No change corresponds to the same PDIs or PPIs or activation/

repression fold-change of <2.

(F) Proportion of isoforms exhibitingR1 PPI,R1 PDI,R2-fold activation/repression in M1H, or any one of the three across reference, annotated alternative, and

novel alternative isoforms, normalized to the number of isoforms successfully tested in each assay. Error bars are 68.3% Bayesian CI.

(G) PPI and PDI sub-networks profiling different TF isoforms.
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found evidence of translation (R5 mapped reads in at least 1

sample) of 72% (85/118) of reference isoforms, 34% (111/330)

of annotated alternative isoforms and 10% (11/107) of novel iso-

forms (Figures S2N–S2P). This lower rate is expected as the vali-

dation rate scaled with overall RNA expression levels (Fig-

ure S2O) and because Ribo-seq data were obtained from
different cells/tissues than the ones from which novel isoforms

were cloned. Indeed, we confirmed endogenous protein expres-

sion corresponding to novel isoform SP2-2 bywestern blotting in

multiple cell lines selected based on that isoform’s RNA-level

expression (Figure S2Q), even though we did not detect this iso-

form in the Ribo-seq datasets.
Molecular Cell 85, 1445–1466, April 3, 2025 1449
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Overall, we successfully assayed the PDIs, PPIs, and regula-

tory activities of 171, 253, and 580 TF isoforms of 80, 87, and

224 genes, respectively. Our isoform-specific PDI and PPI

network shows the long-tailed degree distributions typical of bio-

logical networks,63 with few isoforms binding tomany interaction

partners (Figure 2G). Altogether, our dataset comprises the most

comprehensive characterization of TF isoforms’ molecular inter-

actions and regulatory properties reported to date.

DNA binding of alternative TF isoforms is influenced by
differences both inside and outside the DBD
DNA binding is canonically achieved through structured DBDs.

We therefore compared the PDI profiles of alternative TF iso-

forms to see how changes inside and outside the DBD affect

DNA binding compared with their cognate reference TF isoforms

(Data S2). Unsurprisingly, alternative TF isoforms missing the

DBD completely lose the ability to bind DNA in eY1H assays (Fig-

ure 3A). Note that in eY1H assays, the isoforms are fused to an

NLS; PDI loss is thus not due to mis-localization. In almost every

case, alternative isoforms containing only a partial DBD also lost

DNA binding. The exception is ZIC3, with two alternative iso-

forms that lose 3 aa of a five-zinc-finger array (Figure S3A).

Two alternative isoforms with PDI data have insertions within

their DBD and both completely lose PDIs. One is an alternative

isoform of HEY1 with a four aa insertion in the loop region of

the basic-helix-loop-helix (bHLH) DBD, which fails to bind to

any of the three DNA-baits that the reference isoform binds (Fig-

ure 3B). The loop region of MLX—a related TF—is important for

stabilizing complexes of bHLH dimers.65 Our results are consis-

tent with previous findings that small insertions within DBDs can

have strong effects on TF function.66,67

Most assayed alternative TF isoforms, 42/63 (67%), contained

complete, unaltered DBDs (Figure 3A, right). However, only 8/42

(19%) showed identical DNA-binding profiles to their reference

isoforms, whereas 9/42 (21%) gained PDIs (Figure 3A).

Sequence differences in regions close to DBDs are often associ-

ated with dramatic differences in DNA binding, consistent with

evidence that flanking regions can play pivotal roles in TF-DNA

binding68; alternatively, this may suggest uncertainty in predic-

tions of exact DBD boundaries.69 Surprisingly, however, differ-
Figure 3. DNA-binding preferences of TF isoforms

(A) Change in PDIs compared with the reference isoform for alternative isoform

sequence differences between isoforms in predicted disordered protein regions

(B) Top: exon diagrams of HEY1 isoforms with annotated Pfam domains. Red: 4

aligned to a structure of a homologous dimerized protein (gray) bound to DNA (gree

HEY1 isoforms; black box = binding, white box = no binding.

(C) Top: exon diagrams of CREB1 isoforms with annotated Pfam domains. pKID, p

CREB1 alternative isoform aligned to a structure of a homodimer (gray) bound to D

for both CREB1 isoforms.

(D) Scores for all possible 8-mers are calculated from universal ‘‘all 10-mer’’ pro

(E) Top: exon diagrams of TBX5 isoforms with annotated DBD. Bottom: AlphaF

(PDB: 5FLV).

(F) Left: PDIs for the 3 isoforms of TBX5, showing baits successfully tested against

each isoform.

(G) PBM affinity scores for alternative versus reference TBX5 for every 8-mer. P

8-mers containing the canonical TBX5 6-mer AGGTGT, filled circles correspond

(H) Expression of TBX5 isoforms in developmental RNA-seq and GTEx in heart.

(I) Enrichment of canonical TBX5 6-mer AGGTGT, altered 6-mer ACGTGT, or a ne

with matched genomic negative control regions (background). p values from two
ences in regions far from the DBD and commonly in IDRs often

affect DNA binding (Figure 3A). Indeed, 13/20 (65%) of alterna-

tive isoforms with sequence differences >100 aa from the DBD

had differences in DNA binding and, of those, 69%were in disor-

dered regions.

For example, an alternative isoform of CREB1 has an in-frame

14 aa exon inclusion, 165 aa N-terminal of the basic leucine

zipper (bZIP) DBD, in a long disordered region (Figure 3C). We

observed a complete loss of binding for this isoform across the

4 approximately 500- to 2,000-bp DNA sequences assayed (Fig-

ure 3C), whereas its transcriptional activity was retained, sug-

gesting it is expressed and folded (Figure S3B). Reasoning that

this loss of eY1H DNA binding might be due to differential DNA

binding affinity or specificity between CREB1 isoforms, we per-

formed in vitro universal protein-binding microarray (PBM) ex-

periments using full-length CREB1 proteins (Figure 3D; Data

S5; STAR Methods).64,70 Universal PBMs determine the relative

binding affinity to all possible 8-bp sequences, allowing for

higher resolution of sequence preferences.71 The alternative iso-

form of CREB1 showed subtly lower affinity for DNA than the

reference (Figure S3C), suggesting that small differences in affin-

ity may lead tomarked changes in binding to longer DNA targets,

resulting in binding signal below the sensitivity of eY1H assays.

Therefore, the alternative CREB1 isoform may bind to other

DNA targets not assayed here.

To investigate why some isoforms with unperturbed DBDs

showed dramatic differences in DNA binding, we focused on

two examples: DLX4 and PKNOX1. The reference isoforms,

DLX4-1 and PKNOX1-1, were highly specific, yet alternative iso-

forms with truncations of large N-terminal IDRs, DLX4-2 and

PKNOX1-3, showed broader binding (Figures S3D and S3E). In

several TFs, IDR:DBD interaction modulates DNA-binding spec-

ificity,72–74 where the IDR acts as a tethered inhibitor of weaker

interactions (Figure S3F). Therefore, we calculated mean-field-

predicted interaction strengths between the isoform-specific

IDRs and the DNA-binding residues in the homeodomains

of PKNOX1 and DLX4 (STAR Methods).75 Both reference iso-

forms showed strong putative intramolecular interactions be-

tween their IDRs and the DNA-binding residues, whereas the

alternative isoforms showed comparatively weak interactions,
s, categorized by the effect on the DBD. Color indicates the percentage of

.

aa insertion. Bottom left: AlphaFold2 model of the HEY1 alternative isoform

n) (PDB: 4H10). Bottom right: PDIs for the 3 baits successfully assayed for both

hosphorylated kinase-inducible domain. Bottom left: AlphaFold2 model of the

NA (green) (PDB: 1DH3). Bottom right: PDIs for the 4 baits successfully assayed

tein-binding microarrays (PBMs).

old2 model of the TBX5 reference isoform aligned to a DNA-bound structure

all 3 isoforms. Right: sequence logo derived from the top 50 8-mers in PBMs for

oints are colored by differential affinity q value.64 Open circles correspond to

to 8-mers containing the altered 6-mer ACGTGT.

Log2 TPM values (top) and isoform fraction (bottom) for each TBX5 isoform.

gative control 6-mer TAATTA in TBX5 ChIP-seq peaks (foreground) compared

-sided Fisher’s exact tests.
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Figure 4. Transcriptional activity and protein-binding preferences of TF isoforms

(A) Change in transcriptional activity for alternative relative to reference isoform, categorized by their effect on effector domains. Points are colored by the size of

annotated effector domains.

(B) Categories of PPI partners that interact with R1 TF isoform.

(C) Change in transcriptional activity associated with change in PPIs with various categories of partners. p values from one-sided Mann-Whitney tests.

(D) Left: exon diagrams of CREB5 isoforms. RD, repression domain. Middle: PPI results for the 2 CREB5 isoforms. Right: transcriptional activity of CREB5

isoforms.

(E) Schematic of the calculation of the fraction of isoforms interacting, using the PPI results for the partners successfully tested against all isoforms of ATF2.

(legend continued on next page)
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consistent with the autoinhibitory model (Figures S3G–S3I).

These results should be taken qualitatively, and many additional

factors could also explain these DNA-binding differences (e.g.,

IDR interactions with DNA or cofactors). Nevertheless, these re-

sults provide a plausible and testable physical model for how

changes outside the DBD could rewire TF DNA-binding

specificity.

Another TF with differences in IDRs across isoforms is TBX5, a

critical regulator of heart development,76 with three annotated

isoforms (Figure 3E). Alternative isoform TBX5-2 (TBX5e) differs

from the reference isoform TBX5-1 (TBX5a)77 in the N-terminal

disordered region, adjacent to the T-box DBD. TBX5-3 differs

instead in the disordered C terminus, affecting an activation

domain (AD) distal to the DBD. TBX5-3 loses binding to half (4/

8) of DNA-baits bound by reference TBX5-1, whereas TBX5-2 re-

tains binding (8/8) (Figure 3F). We profiled these isoforms using

universal PBMs (Figure 3G; Data S5). Consistent with eY1H as-

says, TBX5-3 had lower affinity for most 8-mers. Interestingly,

although TBX5-2 and reference TBX5-1 have similar affinity for

the highest affinity 8-mers that include the canonical TBX5 motif

AGGTGT, TBX5-2 shows significantly higher affinity for a subset

of moderate-affinity 8-mers. TBX5-2 is co-expressed with the

reference TBX5-1 isoform throughout heart development (Fig-

ure 3H). Analysis of human TBX5 ChIP-seq data in cardiomyo-

cytes78 showed that these moderate-affinity 8-mers are en-

riched among TBX5 ChIP-seq peaks (Figures 3I and S3J),

indicating that these 8-mers, preferentially bound by TBX5-2

in vitro, may play an important role in vivo. Altogether, our results

support recent findings that TF IDRs modulate DNA binding,

particularly in the context of a chromatinized genome,59,79–81

and highlight that changes in DNA binding are challenging to pre-

dict from sequence alone.

TF isoforms often differ in transcriptional activities due
to changes in effector domains
Alternative isoforms can also rewire GRNs by altering transcrip-

tional activity through changes in PPIs with cofactors, other TFs,

or signaling proteins. We therefore measured differences in tran-

scriptional activity between isoforms using M1H assays (Data

S3). InM1Hassays, isoformsare fused toGal4-DBD, so transcrip-

tional activity is decoupled fromDNA binding, therefore removing

confounding effects from other functions. As expected, ADs and

RDs are enriched among TF isoforms with transcriptional activity

above and below basal levels, respectively (Figures S4A and

S4B).6–8 Overall, 125 alternative isoforms (49%) showed >2-fold

difference in M1H activity compared with the reference isoform,

with more alternative isoforms losing (89/254, 35%) rather than

gaining (36/254, 14%) activity (Figure S4C). Moreover, we found

that four TF genes (FOXP3, MAX, MAZ, and ZNF544) encode

both activator and repressor isoforms (Figure S4D).

As expected, alternative TF isoforms with full or partial loss of

ADs often showed reduced transcriptional activity (p = 0.02,

paired two-sided Wilcoxon test; Figures 4A and S4E). In
(F) Fraction of isoforms interacting for combinations of families of TF isoforms (y a

dimers. Circle size denotes number of PPIs, color denotesmean fraction of isoform

see Figure S4I.

(G) Fraction of TF isoforms that retain interactions with various TF PPI partner ty
contrast, the effect of RD loss was less clear (Figure 4A), poten-

tially because of lower sensitivity to detect repression in M1H as-

says or cell-type-specific effects. Alternative isoforms that lose

both ADs and RDs often lose transcriptional activity, suggesting

a dominant effect of ADs (Figure 4A). For example, E2F3-2,

which loses an entire AD, showed strongly decreased activity,

whereas E2F3-4, which loses most of a RD, did not increase ac-

tivity (Figure S4F).

Many isoforms that did not differ in any annotated effector do-

mains showed differences in transcriptional activity (Figure 4A).

For example, RFX3-4, which lacks the C-terminal domain, lost

transcriptional activity, whereas RFX3-3, which largely retains

this domain, also retained activity (Figure S4G). This suggests

an AD in the C-terminal region of RFX3 not detected in previous

tiling screens6,7 and highlights how profiling full-length TF iso-

forms can identify putative effector domains.

Changes in PPIs with cofactors and signaling proteins
are associated with differences in activity between TF
isoforms
Differences in transcriptional activity between isoforms likely

result from PPI differences. We generated isoform-resolved

PPI profiles, testing multiple isoforms of TF genes against a sin-

gle isoform of their protein interaction partners (538 tested part-

ners). We tested 3,509 isoform-resolved protein pairs for interac-

tions, where, in each case, at least one isoform of the tested TF

gene interacts with the partner, corresponding to 936 PPIs at the

gene-gene level (Data S4). Of these, 684 (73%) varied across iso-

forms. We predicted the two interacting domains82 for 152 refer-

ence isoform PPIs (16%) and tested the association between

domain disruption and PPI disruption in the alternative isoforms.

Complete loss of the interaction domain resulted in loss of the

corresponding PPIs and changes outside the domain often re-

sulted in loss of PPIs (Figure S4H), similar to the effects of

DBD disruption on PDIs (Figure 3A).

We next focused on 3 major classes of PPI partners likely to

affect transcriptional activity: (1) transcriptional cofactors83

(e.g., chromatin remodelers), (2) signaling partners (e.g., kinases)

(STAR Methods), and (3) TFs (Figure 4B). Changes in cofactor

and signaling partner binding between TF isoforms were associ-

ated with changes in transcriptional activity (Figure 4C). For

example, CREB5-2 has strongly reduced activity compared

with the reference isoform and loses 2 interaction partners,

including the kinase MAPK9 (JNK2) (Figure 4D). Indeed,

CREB5-2 is missing two conserved, phosphorylated84 threo-

nine-proline motifs that are substrates of JNK kinases,85 sug-

gesting that phosphorylation may be important for transcrip-

tional activity of the CREB5 reference isoform, as with CREB1.86

TFs that bind DNA as obligate dimers often maintain
intra-family PPIs across isoforms
Many TFs bind DNA as dimers or multimers, such as bZIPs and

bHLHs.20We therefore tested whether isoforms of these families
xis) and families of TF PPI partners (x axis). Black outline = families of obligate

s interacting. Only families withR3 TF partners are shown; for the full heatmap,

pes. p values from two-sided permutation tests.
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more likely retain within-family dimerizing interactions compared

with other predominantlymonomeric families, such asC2H2 zinc

fingers. For every TF gene and every PPI partner, we calculated

the fraction of TF isoforms that interacted with the PPI partner

(Figure 4E). Of the within-family TF-TF PPIs tested, 94% are het-

erodimers and only 6% are homodimers. On average, interac-

tions between TFs of the same family were more often retained

across isoforms for obligate dimers than other TF families

(Figures 4F, 4G, and S4I). Obligate dimer TFs require these dime-

rizing PPIs to bind DNA; therefore, together with the observation

that DBDs are often preserved across isoforms (Figure 1D), there

is likely a selective pressure on alternative isoforms to retain DNA

binding.

TF isoforms can be as distinct in molecular functions as
TF paralogs
Gene duplication and alternative isoforms are two processes

that produce novel proteins (Figure 5A). The interplay between

these processes has been studied at the genome and transcrip-

tome levels,87,88 but outside of a few examples,89–91 little is

known about how these processes differentially affect molecular

functions. We therefore evaluated how paralogous TFs

(comparing the two reference isoforms) compare to TF isoforms

(alternative versus cognate reference isoform). We found that

PPI profiles, PDI profiles, and activation levels are more similar

between isoforms of the same TF gene than between paralogous

genes (Figures 5B–5D; Data S6). However, these observations

are confounded by sequence similarity differences: paralogs

vary more than isoforms (Figure 5E). After controlling for this, iso-

forms showed similar differences in molecular functions

compared with paralogs (Figures 5F–5H and S5A–S5C).

For example, thyroid hormone receptor genes THRA and

THRB evolved from an ancestral gene duplicated in vertebrates

500 million years ago.92 THRA and THRB share a 66.7% aa

sequence identity and are particularly conserved within their

DBDs and hormone receptor domains (Figure 5I). We have

cloned alternative isoforms of both THRA and THRB, each with

an altered effector domain (Figures 5J and 5K). We found that

PDI differences were more subtle between the reference and

alternative isoforms than between the paralogous reference iso-

forms (Figure 5L, left). In contrast, the alternative isoforms

showed strong differences in transcriptional activity (Figure 5L,

right). Thus, both gene duplication and alternative splicing

havemodulated themolecular functions of THRA/THRB, consis-

tent with both mechanisms having affected this pathway in

mammals.93

Next, we investigated the largest family: C2H2 zinc fingers. In

principle, the modular nature of zinc finger arrays could enable

alternative isoforms to have different DNA-binding specificities

by splicing individual zinc fingers.94 However, alternative iso-

forms generally either completely preserved (67%) or completely

removed (25%) the entire zinc finger array (Figures S5D and

S5E). This contrasts to zinc finger TF paralogs, which show

altered DNA binding due to differences in number and spacing

of zinc fingers.68

Altogether, our results support studies that found that,

compared with gene duplication, alternative splicing results in

sequence changesmore concentrated within specific protein re-
1454 Molecular Cell 85, 1445–1466, April 3, 2025
gions and likely affect physico-chemical properties more

dramatically.95

Widespread differences in cellular localization and
condensate formation between TF isoforms
In eukaryotes, gene regulation often involves nuclear conden-

sates, which spatially sequester macromolecules into regions

of local enrichment.96,97 This is aided by TF IDRs and is associ-

ated with increased gene activation57 and pioneering activity.98

We therefore tested whether TF isoforms differentially contribute

to condensate formation. We expressed monomeric, enhanced

green fluorescent protein (mEGFP)-tagged forms of 189 iso-

forms of 60 TF genes in HEK293T and U2OS cells and evaluated

their subcellular localization and ability to form condensates us-

ing high-throughput confocal fluorescence microscopy,99

focusing on TFs that showed isoform-level differences in PDIs,

PPIs, or transcriptional activation (Figures 6A and 6B; Data S7).

Our observed localization of reference isoforms agreed with

endogenous immunofluorescence data from the Human Protein

Atlas100 (Figure S6A). Additionally, there are no significant differ-

ences in endogenous expression levels between reference iso-

forms that form condensates and those that do not (Figure S6B),

suggesting that differences in condensate formation are depen-

dent on the protein and its cellular interactions rather than over-

expression.

Half of alternative isoforms differed in condensate formation

or localization in both cell lines (Figures 6C and S6C–S6G). Alter-

native isoforms that differed in condensate formation or localiza-

tion showed differences in transcriptional activity; although

they often showed differential PPIs, these differences were

not significant, likely due to limited isoforms with PPI data

(Figures S6H–S6J).

Overall, 19 alternative isoforms (15%) differed in condensate

formation compared with their reference isoforms consistently

across cell lines (Figure S6G). One example is PBX1b, a C-ter-

minal truncation isoform of PBX1 associated with differentia-

tion101–103 (Figures 6D–6H). Reference isoform PBX1a, which

functions in cancer and development,104,105 forms nuclear

condensates in both cell lines, whereas PBX1b does not

(Figures 6G and S6K). To further characterize condensate for-

mation in live cells expressing the PBX1 isoforms, we analyzed

the relationship between total protein levels (determined by to-

tal GFP signal) compared with the protein level found only in the

dilute phase, i.e., outside of condensates, across multiple cells

displaying a range of TF-GFP expression levels.106 Proteins

forming condensates via phase separation have a critical

threshold (saturation concentration [Csat]) at which the protein

becomes saturated, exhibited by the total concentration being

substantially higher than the dilute concentration of protein.

Csat analyses confirmed that PBX1a phase separates into con-

densates (Figure 6H), whereas PBX1b does not. Moreover, the

complement of the slope of the line above the Csat, the ‘‘domi-

nance,’’ is determined by whether the protein is sufficient to

phase separate on its own, as indicated by a flat slope, or

whether it requires other factors, as indicated by a steeper

slope.107 PBX1a has low dominance (Figure 6H), indicating

phase separation through interactions with other factors rather

than homotypic condensates. Consistent with this, PBX1a
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Figure 5. Functional differences between TF isoforms and TF paralogs

(A) TF paralogs compared with TF isoforms.

(B and C) Jaccard distance in PDIs (B) and PPIs (C) across reference/alternative isoform pairs, reference paralog pairs, or non-paralog reference pairs as a

negative control.

(D) Absolute log2 fold-change in activation between isoforms, paralogs, and non-paralogs.

(E) Amino acid sequence identity between isoforms, paralogs, and non-paralogs. Note: y axis inverted for consistency.

(F–H) Analogous to (B)–(D) but with isoform and paralog pairs binned by sequence identity. n, number of pairs in each bin.

(I) Sequence alignment of THRA/THRB reference isoforms.

(J) Predicted structures of THRA/THRB isoforms.

(K) Exon diagrams of THRA/THRB isoforms.

(L) Left: PDI results. Right: transcriptional activity of THRA/THRB isoforms.

p values in (B)–(H) from two-sided Mann-Whitney tests and error bars on the mean are bootstrap calculated 95% CI.
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showed interactions with three protein partners that PBX1b

does not: LNX1, PIN1, and TMF1 (Figure 6E). Of these, TMF1

is a co-activator whose known partner, TRNP1, regulates nu-

clear condensates in neural differentiation.108–110 Additionally,
PBX1b shows lower transcriptional activity than PBX1a (Fig-

ure 6F). This suggests that PBX1a forms transcriptionally active

nuclear condensates via interactions with protein partners not

retained by PBX1b.
Molecular Cell 85, 1445–1466, April 3, 2025 1455
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Alternative isoforms more often differed in localization than

condensate formation (Figure 6C). For example, although all

isoforms of FOXP2 formed non-homotypic condensates, their

localization differed (Figures 6I–6K and S6L). The reference

isoform contains two NLSs flanking its DBD.111 Alternative iso-

forms missing the NLS formed cytoplasmic condensates,

whereas those retaining the NLS formed nuclear condensates.

However, we found few NLS annotations and no clear associ-

ation between localization and NLS presence (Figure S6M).

Altogether, our data reinforce the need for expanded, isoform-

aware characterization of TF condensate formation and subcel-

lular localization, which are shaped by complex networks of

macromolecular interactions.

Multi-dimensional characterization of TFs reveals two
major classes of alternative isoforms: Negative
regulators and rewirers
Several well-characterized alternative TF isoforms act as nega-

tive regulators of their cognate reference isoforms.27,35 For

example, STAT3b can compete with the oncogenic STAT3a iso-

form for DNA binding but cannot activate transcription, func-

tioning as a tumor suppressor.36,37,112 However, the extent to

which negative regulators are representative of TF isoform func-

tion more globally is unknown.

We classified the 175 alternative isoforms with data in at

least two assays (PDIs, PPIs, and transcriptional activity)

into three categories: negative regulators, rewirers, and similar

to reference (Figure 7A; Data S8). Negative regulators nega-

tively affect the function of their reference isoforms (e.g., fail

to bind key cofactors but bind to the same genomic targets,

preventing the reference isoform from activating target

genes). We therefore defined ‘‘negative regulators’’ as alterna-

tive isoforms that completely lose function in at least one

assay while retaining function in another (Figure 7B). For

example, the alternative isoform CREB1-1 fails to bind DNA

but activates transcription and thus might interfere with the

reference isoform by sequestering key cofactors (Figure 7C).

We considered alternative isoforms with identical PDIs and

PPIs and %2-fold difference in activity to their cognate refer-

ence isoforms as ‘‘similar’’ and alternative isoforms otherwise

different in PDI, PPI, or M1H profiles (without losing function in

R1 assay) as rewirers (examples in Figures S7A and S7B).

Only one isoform (PPARG-3) lost all tested functions (Fig-

ure S7C); we considered it ‘‘likely non-functional’’ and

removed it from downstream analyses. We also considered
Figure 6. Condensate formation and subcellular localization differenc

(A) High-throughput imaging pipeline.

(B) Selection of tested isoforms.

(C) Percent of alternative isoforms with differences in localization, condensate for

(D) Exon diagram of PBX1 isoforms in TFIso1.0.

(E) PPI results for PBX1 isoforms.

(F) Transcriptional activation of PBX1 isoforms.

(G) Representative images of PBX1 isoform expression in HEK293T cells (633 m

(H) Saturation (Csat) curve analysis of PBX1 isoforms. Dots represent individual

shows concentration in the dilute phase (Cdil). Arbitrary units (a.u.) are at referen

(I) Exon diagram of FOXP2 isoforms in TFIso1.0. NLS, nuclear localization seque

(J) Representative images of FOXP2 isoform expression in HEK293T cells (633

(K) Csat analysis of FOXP2 isoforms.
the subcellular localization of 126 alternative isoforms. We

classified alternative isoforms whose localization changed to

exclusively cytoplasmic as negative regulators; isoforms

showing any other differences in localization were considered

to be rewirers, unless considered negative regulators by other

assays.

Of the classified alternative isoforms, 103 (59%) were negative

regulators, 56 (32%) rewirers, and 15 (9%) similar to their refer-

ence isoforms (Figure 7D). Thus, most (91%) alternative isoforms

differed substantially from their reference isoforms in at least 1

molecular property. Novel isoforms and annotated isoforms

were distributed equally among both negative regulators and re-

wirers. Negative regulators lost any of the assayed TF functions

(Figures 7E and S7D) and were found across all major families

(Figure S7E). Intriguingly, TFs with only negative regulator alter-

native isoforms were more ubiquitously expressed than TFs

with only rewirer alternative isoforms (Figures 7F and S7F). Over-

all, our results revealed that negative regulator isoforms are

widespread among TFs, suggesting theymay constitute an addi-

tional layer of transcriptional regulation.

Alternative TF isoforms are associated with
differentiation and cancer
TFs play important roles in development. Recently, Joung et al.

performed a single-cell RNA-seq (scRNA-seq) over-expression

screen of >3,000 annotated TF isoforms in human embryonic

stem cells and found many that significantly affected differentia-

tion.114 220/246 (89%) of our reference and 183/447 (41%) of our

alternative isoforms were included in their library. Because

Joung et al. relied on gene annotations, most alternative iso-

forms missing in their library are our novel isoforms (168/264

[64%]). Isoforms from each category significantly affected differ-

entiation, but the strongest effects corresponded to reference or

rewirer isoforms (Figure S7G).

Because many well-characterized TF isoforms are negative

regulators dysregulated in cancer,35 we examined isoform

expression in three cancers with paired tumor/normal samples

in The Cancer Genome Atlas (TCGA): breast cancer (BRCA),

lung adenocarcinoma (LUAD), and head and neck squamous

cell cancer (HNSCC) (Data S9; STAR Methods). 314 isoforms

in TFIso1.0 showed significant differential abundance between

paired tumor and normal samples in at least one cancer type

(Benjamini-Hochberg adjusted p < 0.05, two-sided paired Wil-

coxon test, Figure 7G; Data S9); most were alternative isoforms

(188/314 [60%]). Interestingly, negative regulator isoforms were
es between TF isoforms

mation, both, or neither, compared with reference in HEK293T and U2OS cells.

agnification).

cells, x axis shows total protein concentration from fluorescence (Ctot), y axis

ce settings. Csat, saturation concentration; D, dominance.

nce.

magnification).
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significantly enriched among isoforms differentially abundant in

cancer (Figure 7H), suggesting that misregulation of negative

regulator TF isoforms plays specific roles in aberrant can-

cer GRNs.

The alternative isoform of oncogene CREB1 (CREB1-1)115 is a

negative regulator significantly misregulated in cancer; CREB1-1

strongly activated transcription but lost all PDIs (Figure 7C).

Intriguingly, although the overall levels of CREB1 gene expres-

sion were similar (Figures S7H and S7I), the alternative isoform

was significantly downregulated in breast tumors compared

with the reference (Figures 7I and S7J). Moreover, both CREB1

isoforms were ubiquitously expressed (Figure S7K). This sug-

gests that the reference isoform of CREB1 acts as an oncogene,

but the alternative isoform may have tumor-suppressive proper-

ties, potentially acting as a dominant negative.

More alternative isoforms were upregulated in tumors (101)

than downregulated (74) (Figure 7G). One example is tumor sup-

pressor SMAD3, for which the reference isoform is significantly

downregulated in LUAD tumors, whereas the negative regulator

isoform, which loses interaction with SMAD3’s known partner

FOXH1116 and loses part of its DBD, is upregulated

(Figures 7J, 7K, and S7L). This suggests that the alternative iso-

form of SMAD3 may have oncogenic properties.

To evaluate the effects TF isoforms have on the transcriptome,

we re-analyzed scRNA-seq profiles for 120 reference/alternative

isoform pairs overlapping between TFIso1.0 and the Joung et al.

over-expression screen, using a meta-cell aggregation strategy

to control for variance in cell counts, and performed gene set

enrichment analyses between isoforms (STARMethods). Almost

all of our cancer-associated alternative isoforms present in the

over-expression dataset significantly affected at least one

pathway when compared with their reference isoforms (64/66,

97%) (Figure 7L). For example, KRAS signaling is significantly

upregulated by the alternative SMAD3 isoform, which we predict

is oncogenic. Conversely, Wnt signaling is significantly downre-

gulated by the alternative CREB1 isoform, whichwe predict is tu-
Figure 7. Alternative TF isoforms can function as negative regulators

(A) Example rewirer and negative regulator TF isoforms.

(B) Illustrative heatmap of alternative isoform classification as either similar to th

(C) Example of a negative regulator (CREB1-1). Left: exon diagram. Middle: activ

(D) Number of alternative isoforms per category (outer circle) with the numbers o

(E) Percent of alternative isoforms that either show loss of function (negative regula

isoforms. For full details see Figure S7D.

(F) Gene-level tissue specificities113 calculated from developmental RNA-seq am

ulators, all similar to reference, a mixture of categories, or all unable to be classi

(G) Differential abundance of TF isoforms in breast cancer (BRCA), lung adenoc

correspond to themean difference in isoform abundance across samples, where r

show alternative isoform categories (gray = NA) and the cancer status of the TF g

(H) Percentage of alternative isoform categories that are significantly differentially

are not. p value from two-sided Fisher’s exact test.

(I) CREB1 alternative isoform fraction in matched BRCA tumor and normal sample

sided paired Wilcoxon test with multiple hypothesis correction.

(J) SMAD3 isoforms, with exon diagrams, categorizations, PPIs, and transcriptio

(K) Isoform fraction of reference SMAD3-1 and alternative SMAD3-3 in matched lu

test with multiple hypothesis correction.

(L) Pathways that are significantly different between alternative and reference

enrichment analysis (GSEA)-normalized enrichment scores.

(M) Example mechanism. Whereas rewirers lead to altered GRNs, negative regula

the reference isoform. Negative regulators that outcompete their reference isoform
mor suppressive. Thus, our molecular profiling approach high-

lighted TF isoforms with varying functions and differential

effects on downstream expression.

Altogether, our comprehensive, multi-dimensional character-

ization of hundreds of isoforms reveals that TF loci encode alter-

native proteoforms that fall into two primary categories: rewirers,

which behave distinctly from their cognate reference isoforms,

and negative regulators, which can act independently or in

competition with their cognate reference isoforms, depending

on their expression profiles (Figure 7M).

DISCUSSION

To understand the functional differences between TF isoforms,

we generated a collection of 693 TF isoforms across 246 TF

genes and systematically assayed their DNA binding, PPIs, tran-

scriptional activity, localization, and condensate formation and

integrated these data with public expression datasets. We pro-

vide these integrated results via tfisodb.org as a community

resource.

We used exogenous assays to perform this survey, finding that

two-thirds of alternative isoforms differed from their cognate

reference isoforms in at least one molecular function. To achieve

this isoform-level resolution at scale in endogenous contexts will

require improved approaches for assaying isoform-specific TF

occupancies in vivo and proteome-wide techniques for assaying

PPIs. However, an advantage of our approach is the ability to

disentangle how sequence differences affect TF functions that

can be interconnected in the endogenous context. For example,

a difference in genomic occupancy between isoforms by ChIP-

seq may result from differences in DNA binding or differences

in PPIs with required co-binding partners. Here, we isolated

each variable at a time when assaying TF function (e.g., fusing

TF isoforms to theGal4-AD in eY1H assays, such that DNA-bind-

ing differences can be resolved separately from differences in

cofactor binding).
e reference, rewirers, or negative regulators.

ation results. Right: PDI results.

f annotated (solid colors) and novel (hatched colors) isoforms.

tors) or change in function (rewirers) in an assay, compared with their reference

ong TF genes with alternative isoforms that are: all rewirers, all negative reg-

fied (NA). p values from two-sided Mann-Whitney tests.

arcinoma (LUAD), and head and neck squamous cell cancer (HNSCC). Colors

ed indicates increased abundance in tumors comparedwith controls. Top rows

ene (white = none, both = annotated as both oncogene and tumor suppressor).

abundant in at least one of the three profiled cancers compared with those that

s (paired from the same patient, denoted using dotted lines). p value from two-

nal activity.

ng cancer tumor and normal samples. p value from two-sided pairedWilcoxon

isoforms in the Joung et al. over-expression dataset, colored by gene set

tors can lead to misregulation of canonical GRNs in the absence or presence of

s in the same cell can be thought of as naturally occurring dominant negatives.
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Molecular functions of TF isoforms can be difficult to predict

from sequence and predicted structure alone. Indeed, differ-

ences in regions far from annotated DBDs (Figure 3A) and

effector domains (Figure 4A) can affect TF functions. This is

consistent with studies showing that IDRs can affect TF occu-

pancy in vivo59,79 and underscores the importance of experi-

ments using full-length proteins to characterize TF functions,

complementing studying DBD-only constructs for DNA-bind-

ing3,44 and tiling-based peptide assays for transcriptional

activity.6,7

The extent to which natural dominant-negative isoforms exist

within the context of the ‘‘TFome’’ has remained unclear.We pre-

sent evidence that negative regulator isoforms are widespread

among TFs and often misregulated in cancer (Figures 7D and

7H). Given that ubiquitously expressed TFs often have negative

regulator isoforms (Figure 7F), we propose that many negative

regulator isoforms will exert dominant-negative effects through

diverse mechanisms. Sometimes, they may interfere with refer-

ence isoform function (e.g., by sequestering key binding part-

ners). However, more complex scenarios are plausible, such

as negative regulators playing distinct, non-TF roles in the

cellular milieu. Future studies characterizing how negative regu-

lators compete with their cognate reference isoforms may deter-

mine whether they act as true dominant negatives. However, our

findings are consistent with decades-old ideas that negative reg-

ulators contribute to human disease.117,118

Most human TFs have duplicated and diverged throughout

evolution, expanding GRNs.119,120 Alternative isoforms also in-

crease TF diversity but their effects on GRNs are less under-

stood.We reveal that TF isoforms can behave as distinctly as pa-

ralogous TFs across all major molecular functions and thus likely

expand GRN complexity alongside TF paralogs.

In summary, our high-throughput exogenous assays shed light

on the functional diversity within the human TFome due to alter-

native isoforms. Multiple consortia are focused on measuring

functional effects at the gene level121,122; we propose that char-

acterizing the functions of alternative isoforms will be key to both

understanding disease mechanisms and accurate interpretation

of the effect of genomic variants. Altogether, our work highlights

the importance of moving beyond gene-level resolution toward

a more complex, proteoform-aware characterization of TF

function.

Limitations of the study
Interactions were tested in non-physiological contexts, enabling

isoform-level resolution in high throughput but entailing trade-

offs, with some differences possibly beingmissed or not relevant

in the endogenous context. For example, PPIs dependent on

post-translational modifications could be missed. Our high-

throughput microscopy cannot assess condensate material

state. Methods to address this, such as microrheology and fluo-

rescence recovery after photobleaching (FRAP), are difficult to

scale.123

The value of two-thirds of alternative TF isoforms differing from

reference in at least one molecular function is likely an underes-

timate of the true fraction due to technical limitations of our

assays. For example, further differences in DNA binding may

be revealed by testing additional DNA-baits in eY1H assays, or
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cell-type-specific differences in transcriptional activity might

be uncovered by performing M1H assays in additional cell lines

or conditions. Other TFmolecular functions, such as ligand bind-

ing and RNA binding, were not explored. Finally, we tested pro-

tein isoforms, ignoring differences in UTRs, which can affect

mRNA stability and protein expression.124
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Experimental models: Cell lines
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pDEST-AD-CYH2 Luck et al.61 N/A
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Software and algorithms

kallisto Bray et al.131 pachterlab.github.io/kallisto

HMMER v3.3 Eddy69 hmmer.org

AlphaFold v2.3.1 Jumper et al.55 https://github.com/google-deepmind/alphafold

upbm v0.99.0 Kock et al.71 github.com/pkimes/upbm

GENRE Mariani et al.132 github.com/BulykLab/MEDEA

GSEApy v1.1.3 Fang et al.133 gseapy.readthedocs.io

Mathematica-based image analysis interface Riback et al.106 N/A

STAR v2.4.0 Dobin et al.134 github.com/alexdobin/STAR

AltAnalyze v2.1.4 Emig et al.135 and Li et al.136 http://altanalyze.org/

Other

Custom tRNA Mix New England BioLabs N6842Z

XT Reducing Agent 20X 1610792 BioRad 1610792

XT Sample Buffer 4X BioRad 1610791

BlueStain 2 Protein Ladder, 5-245kDa GoldBio P008

GST Glutathione S-Transferase Thermo Fisher Scientific 20237

Tween 20 Sigma-Aldrich P1379

XT MES Running Buffer 20X BioRad 1610789

RPI Dry Milk Powder Research Products International M17200
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Phosphate Buffered Saline 10X PBS

for Western Blots and IP

Sigma-Aldrich P7059

1-Step Transfer Buffer Thermo Scientific 84731

Thermo Sequenase Cycle

Sequencing Kit [Discontinued]

Thermo Fisher Scientific 785001KT

Cytiva Thermo Sequenase

Reaction Buffer 10X

Cytiva Life Sciences E790000Y

Cytiva Thermo Sequenase DNA Polymerase

(with Thermoplasma acidophilum Inorganic

Pyrophosphatase (TAP))

Cytiva Life Sciences E790000Y

Deoxynucleotide (dNTP) Solution Set, 100mM New England BioLabs N0446S

Amersham CyDye Fluorescent

Nucleotides Cy3-dUTP

Cytiva Life Sciences PA53022

Triton X-100 Sigma-Aldrich T9284

Nonfat Dried Milk Bovine Sigma-Aldrich M7409

Deoxyribonucleic acid, single

stranded from salmon testes

Sigma-Aldrich D7656

Molecular Grade Bovine Serum Albumin New England BioLabs B9200

KOD HotStart Polymerase Novagen 71086

BP Clonase Life Technologies 11791043

Spectinomycin Sigma Aldrich S4014-5G

3-AMINO-1 2 4-TRIAZOLE >=95% (TLC) Sigma Aldrich A8056-100g

CYCLOHEXIMIDE FROM MICROBIAL SOURCE Sigma Aldrich C7698-5G

96-well, flat bottom, cell culture microplate Greiner 655083

Axygen� Oasis� Robotic Tips Fisher Scientific 14-222-223

Corning� Untreated 245mm

Square BioAssay Dishes

Fisher Scientific 07-200-600

96WL R-BTM PLT TCT W/LP 100/CS Fisher Scientific 07 200 720A

PEI MAX 40000 Polysciences Inc 24765

SWIM primer Life Technologies Custom

Furimazine Pasteur Institute Custom

FuGENE HD Transfection Reagent Promega E2311

Lipofectamine� 3000 Transfection Reagent Invitrogen L3000001

CHAPS Detergent Thermo Fisher 28299

Unstained protein ladder Thermo Fisher 84786

Bolt� Sample Reducing Agent Thermo Fisher B0004

Bolt� MOPS SDS Running Buffer Thermo Fisher B0001
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains
For the eY1H assay, DNA-bait strains had been generated in the Y1HaS2 yeast background and were previously published4,60,129

and TF-prey strains were generated in the Ya1867 yeast background. For the Y2H assay, AD-ORF strains were generated in the

Y8800 background and DB-ORF strains were generated with the Y8930 background.

Human cell lines and cell culture
HEK293T, HEPG2, and MCF-7 cells were maintained in DMEM and U2OS cells were maintained in RPMI, each supplemented with

10%FBS and 1%antibiotic-antimycotic. Cells were passaged every 2–3 days at a ratio of 1:4, were kept in a sterile incubator at 37�C
and 5% CO2, and regularly tested for mycoplasma contamination. Only low passage number cells were used in mammalian

one-hybrid, NanoLuc two-hybrid, and Western blot experiments.
Molecular Cell 85, 1445–1466.e1–e13, April 3, 2025 e3
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METHOD DETAILS

TFIso1.0 clone collection generation and validation
A PCR-basedmethodwas used to amplify and clone the coding regions of TF isoforms, similarly to that in Yang et al.41 Gene-specific

anchoring primers (Data S1) were used to PCR amplify ORF sequences from reverse transcribed RNA obtained from fetal and adult

brain, heart, and liver tissues obtained from BioChain.
Catalog number Description Lot number

R1244149-50 Total RNA - Human Fetal Normal Tissue: Liver A601607

R1234149-50 Total RNA - Human Adult Normal Tissue: Liver B705065

R1244035-50 Total RNA - Human Fetal Normal Tissue: Brain B210035

R1234035-50 Total RNA - Human Adult Normal Tissue: Brain B805061

R1244122-50 Total RNA - Human Fetal Normal Tissue: Heart B512118

R1234122-50 Total RNA - Human Adult Normal Tissue: Heart B604038
Primers were targeted against TF protein-coding transcripts based on sequences fromGENCODE v21, with TFs defined as a union

of two datasets: Reece-Hoyes et al.137 and TFClass.138 In subsequent data analysis, we updated the list of TFs used to Lambert

et al.20 and the GENCODE version to v30.

Cloning was performed in two stages: an initial pilot stage followed by the main stage, with clones resulting from both stages com-

bined in the final collection. In the pilot stage, TFs targeted for cloning were selected based on long-read RNA-seq data of brain,

heart, and liver, obtained from PacBio (private communication). In the full stage, the majority (> 90%) of the TFs targeted for cloning

were selected based on having either protein-protein interactions (PPIs) or protein-DNA interactions (PDIs) in other ongoing single-

isoform-per-gene PPI and PDI mapping projects from our labs. An additional 45 TF genes with the potential to have measurable dif-

ferences in DNA binding were selected, the criteria for this was having an annotated alternative isoformwith differences, relative to its

reference isoform, in the DBD or in the 15 a.a. either side of the DBD, with both isoforms less than 80 KDa and less than 80% pre-

dicted disorder. Finally, an additional 25 TF genes with variants associated with neurodegenerative diseases (private communication)

were added.

Cloning of isoforms of selected target genes was carried out as described previously.41,139 Reverse transcription (RT) was carried

out using a SMARTer�PCR cDNASynthesis Kit (TaKaRa) with oligo (dT)16 primers according to themanufacturer’s instructions. The

resultant cDNAs were used as templates for PCR amplification using KODHotStart Polymerase (Novagen) andORF-specific primers

(Data S1). Up to 4 primer pairs targeting alternative N- andC-termini were used for each TF gene. The resulting amplicons, whichmay

contain more than one alternatively spliced isoform were transferred into pDONR223 by Gateway� BP reaction (Life Technologies)

followed by transformation into E. coli DH5a. Transformed E. coli cells were plated on LB agar containing 50 mg/L spectinomycin for

overnight growth at 37�C, after which up to 24 colonies were isolated for each primer pair using a Qpix 2 XT colony picking robot

(Molecular Devices - Genetix).

These cloned TF isoforms were then combined with existing cloned TFs from our ORFeome collections.41,61 PCR artifacts, dupli-

cates, cases where there were multiple isoforms per well, and incomplete or otherwise erroneous cloned isoforms, were removed

following Illumina short-read sequencing of the corresponding clones. The final set of ORFs was then chosen based on subsequent

multiplexed, full-length, long-read sequencing.

The short-read sequencing step was performed mostly as described in Yang et al.,41 pooling individual E. coli strains carrying

plasmids encoding different TF genetic loci. Plasmid DNA minipreps from the pooled E. coli were prepared on a Qiagen

BioRobot� Universal System according to the manufacturer’s instructions and processed to make an Illumina sequencing library,

during which Illumina adapter sequences, i7 and i5, were incorporated as plate indexes. The library was then paired-end-sequenced

using an Illumina platform (MiSeq or NextSeq 500).

The long-read sequencing templates were generated by PCR using a method where the forward primers contained well specific

barcodes and the reverse primers contained plate specific barcodes, enabling the clones to be pooled into a small number of aliquots

that were processed for long-read sequencing on a PacBio RS II system (Pacific Biosciences of California, Inc.).

All isoforms were assessed by expert human annotators using methods and standards developed by GENCODE25,140 to identify

well supported isoforms suitable for further study. To assess orthogonal support for transcript structures, each isoform was aligned

to the human reference genome (GRCh38) and compared to the contemporaneous GENCODE gene annotation, all available long

transcriptomic data, RNAseq data and RNAseq supported introns from the Intropolis dataset141 and CAGE transcription start site

data.142 Having determined support for transcript structure, putative novel CDSs were similarly investigated to assess support for

translation initiation sites and novel coding exons using aligned protein sequence data, Ribo-seq data, and PhyloCSF143 constraint

data. For the 246 genes in TFIso1.0, our clone collection is missing a total of 504 GENCODE-annotated isoforms. We did not observe
e4 Molecular Cell 85, 1445–1466.e1–e13, April 3, 2025
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any obvious systematic difference between cloned and uncloned GENCODE-annotated isoforms, with the exception of some

missing alternative N- or C-terminal isoforms that likely dropped out of our collection due to PCR difficulties (Figure 2B).

There were 28 cases where two or more clones encoded identical amino acid sequences. These were tested in the Y1H, M1H, and

Y2H assays, and data from the duplicate clones were filtered out, keeping the clone that had the least drop-outs in the assays.

The inclusion of novel isoforms in our clone collection necessitated a numbering system that expands uponGENCODE annotation:

we refer to TF isoforms by their gene name and clone ID and supplement these with the matching GENCODE transcript name for

annotated isoforms.

TF isoform annotations
Transcription factors, as defined by Lambert et al., were downloaded from http://humantfs.ccbr.utoronto.ca/ v1.01.20

Isoforms were matched to the CDS sequence of transcripts in the GENCODE basic set of GENCODE v30. Two cloned isoforms

matched identical sequences to isoforms of two genes, HSFY1 and HSFY2, where the reference and alternative isoforms have iden-

tical CDS. We arbitrarily annotated these clones as HSFY1. For analysis, GENCODE transcripts with identical amino acid sequences

but differences in the UTRs were merged into one protein isoform.

The reference isoform of a gene was defined in the vast majority of cases by the MANE select transcript. In the cases where a

MANE select transcript was not available, the APPRIS principle isoform was used. If that was also not available, the longest isoform

was chosen. The cloned reference isoform for a gene in TFiso1.0 was defined as the reference isoform, if it was cloned. If the refer-

ence isoform was not cloned, the cloned reference isoform was defined by the APPRIS annotated isoforms preferring principle over

alternative. If noMANE or APPRIS annotated isoformswere cloned or available, then the cloned reference isoformwas defined as the

longest isoformmatched to aGENCODE transcript. In the final case, if noGENCODE-matched isoformswere cloned, then the cloned

reference isoform was the longest cloned isoform.

Alignment of TFIso1.0 isoforms with prior curated isoforms from the literature were manually determined based on the original ev-

idence provided, including reported exon position and sequence length.

Western blots of novel TF isoforms
The controls used to validate the reported isoform bands were produced by transient transfection of 3.5 million HEK293T cells with

5.8 mg plasmid DNA using Lipofectamine� 3000 Transfection Reagent (Invitrogen L3000001) with themanufacturer’s recommended

volumes for a 10-cm plate. The plasmid constructs were generated using standard Gateway cloning methods to insert the ORFs in

N-terminal GST-tagged pDEST27 for mammalian expression.

All cell lysates were collected 24 hours after transfection in a solution containing 6.2 mg/mL CHAPS Detergent (Thermo Fisher

28299), 0.35 M NaCl, and 0.2 M Tris (pH 7.5). Following 30 minutes of centrifugation at 14,000 x g at 4�C, the supernatant was mixed

with sterile glycerol to a final concentration of 25% glycerol before flash freezing with liquid nitrogen in single-use aliquots prior to

storage at -80�C.
Western blots were performed by loading equal protein concentrations of HEK293T, HepG2, and MCF-7 lysates into 4-20% Tris-

GlycineMini Protein Gels. An unstained protein ladder (Thermo Fisher 84786) was used for molecular weight estimations. All samples

except the ladder were incubated at 92�C for 5 minutes with XT Sample Buffer and Bolt� Sample Reducing Agent (Thermo Fisher

B0004), both at the manufacturer’s recommended concentrations, before loading onto the gel. The gels were run for 40 minutes in

Bolt�MOPS SDS Running Buffer (Thermo Fisher B0001). The resulting gel was transferred to a Power Blotter Pre-cut nitrocellulose

mini membrane using constant 2.5 A for 7 minutes on an Invitrogen Power Blotter–Semi-dry Transfer System. All blocking and anti-

body binding incubations were performed in a solution of PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4), 0.1%

Tween 20�, and 0.03 g/mL of non-fat milk powder. All primary antibodies were used at the following dilutions: SP2 (Proteintech

25000-1-AP) 1:500, GAPDH (Cell Signaling 2118T) 1:5000. The secondary anti-rabbit antibody (Invitrogen 31460) was used at

1:2000 for SP2 and 1:10,000 for GAPDH. All blocking and antibody binding incubations were performed by placing the nitrocellulose

membrane on a shaking platform at 70 rpm at room temperature for 60 minutes.

Visualization of the Western blots was accomplished by submerging the membrane with the two part SuperSignal West Ferato

solution (Thermo Fisher) and waiting 6 minutes. Imaging was performed using standard chemiluminescence filter settings with an

exposure time of 2 minutes.

Detection of protein-DNA interactions using enhanced yeast one-hybrid assays
Enhanced yeast one-hybrid (eY1H) assayswere performed as described previously.4,16,60 TF isoformORF clones from TFIso1.0were

transferred by Gateway LR cloning (ThermoFisher #11791100) to the destination vector pDEST-AD2m (Walhout Lab)4,16,60 to

generate fusion clones of each TF isoform with the yeast Gal4 activation domain (AD).

To generate TF-prey yeast strains, cloned TF isoform ORFs were transformed into haploid MATɑ type yeast strain Ya1867, as pre-

viously described4,16,60 and as follows. Yeast were inoculated in 1 L liquid YAPD media to a concentration of OD600 = 0.15 and

were then incubated at 30�C shaking at 200 rpm until they reached OD600 = 0.5, washed with sterile water, and washed again

with TE + 0.1 M lithium acetate (TE/LiAc). Yeast were resuspended in TE/LiAc with salmon sperm DNA (ThermoFisher

#15632011) at a dilution of 1:10 before adding �250 ng of the TF isoform clone. Six volumes of TE/LiAc + 40% polyethylene glycol

were then added and samples were mixed gently ten times. Yeast were incubated at 30�C without shaking for 30 min followed by
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42�C for 20min, then resuspended in sterile water. Transformed yeast were plated on selectivemedia lacking tryptophan to select for

transformants.

DNA-bait yeast strains for 330 human enhancer and promoter sequences were previously generated using the Y1Has2 yeast

strain.4,129 These DNA baits correspond to known human developmental enhancers selected from the Vista Enhancer Browser

(enhancer.lbl.gov)4 and were tested against all TF ORFs. These baits were selected given their activity in different tissues during early

embryonic development in order to maximize the number of TFs for which DNA binding could be detected. In addition, TF isoforms

corresponding to MAX, STAT1, STAT3, PPARG, RARG, and RXRG were tested against a collection of 119 cytokine promoter DNA-

baits using paired yeast one-hybrid assays as previously described.144 For a complete list of baits with positive interactions, see Data

S2. Each DNA-bait strain carries two integrated copies of the enhancer or promoter cloned upstream of two reporter genes: HIS3,

which allows yeast to grow in the absence of histidine and overcome inhibition by 3-Amino-1,2,4-triazole (3AT), and LacZ, which

causes yeast colonies to turn blue in the presence of 5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside (X-gal).

eY1H assays were performed in 1,536-colony format using a high-density array ROTOR robot (Singer Instruments), which facili-

tated the comparison between TF isoforms by allowing simultaneous testing on the same array plate. TF-prey yeast strains were

mated in a pairwise manner with 211 DNA-bait strains on permissive YAPD agar plates and incubated at 30�C for one day. Yeast

were then transferred to selective media agar plates lacking uracil and tryptophan and incubated at 30�C for two days to select

for successfully mated diploid yeast. The resulting diploid yeast colonies were finally transferred to selective media agar plates lack-

ing uracil, tryptophan, and histidine, with 320mg/L X-gal and 5mM 3AT. Readout plates were imaged 2, 3, 4, and 7 days after plating.

Binding of the TF-AD fusion to the DNA-bait region results in expression of the HIS3 and LacZ reporter genes, allowing colonies to

visibly grow and turn blue on readout plates. eY1H and paired yeast one-hybrid assay images were manually analyzed by three in-

dependent researchers to identify interactions. Array coordinate ‘‘holes’’ - where yeast mating or transfer was unsuccessful - were

identified and removed from analysis.

Validation of yeast one-hybrid protein-DNA interaction data using luciferase assays
For a random subset of TF isoform series (i.e., all isoforms of a TF in TFiso1.0) a random subset of DNA baits were selected that had at

least one interaction identified by eY1H assays with at least one of the isoforms. These all-by-all combinations for each selected TF

isoform series were validated in an orthogonal system by luciferase assays in HEK293T cells (see Data S2). Briefly, DNA-bait se-

quences were cloned upstream of the firefly luciferase reporter in a Gateway compatible pGL4.23[luc2/minP] vector.4 TF isoform

ORFs were cloned into the Gateway compatible pEZY3-VP160 vector129 such that TF isoforms are fused to 10 copies of the

VP16 activation domain. HEK293T cells were plated in 96-well white opaque plates at a seeding density of �10,000 cells/well

and incubated for one day at 37oC with 5%CO2. Cells were transfected using Lipofectamine 3000 (Invitrogen) according to the man-

ufacturer’s protocol, with 80 ng of TF isoform (pEZY3-VP160) plasmid, 20 ng of DNA bait (pGL4.23) plasmid, and 10 ng of the renilla

luciferase plasmid as a transfection normalization control. An empty pEZY3-VP160 plasmid co-transfected with the corresponding

recombinant firefly luciferase plasmidwere used as negative controls. Transfected cells were incubated for two days at 37oCwith 5%

CO2. Firefly and renilla luciferase activities were measured using the Dual-Glo Luciferase Assay System (Promega) according to the

manufacturer’s protocol. Non-transfected cells were used to subtract background firefly and renilla luciferase activities, and then

firefly luciferase activity was normalized to renilla luciferase activity in each well. Each TF isoform-DNA bait pair was tested in three

biological replicates. In the event of TF isoform-DNA binding, the VP16 activation domains promote the expression of firefly lucif-

erase, increasing the normalized luminescence over background levels.

Protein-DNA interaction assay using protein-binding microarrays
Full-length TF isoforms (3 isoforms of TBX5 and 2 isoforms of CREB1) were cloned from Gateway compatible Entry vectors

(pDONR223) into N-terminal GST protein fusion expression Destination vectors and sequence-verified by long-readDNA sequencing

via Plasmidsaurus. Specifically, TBX5 isoforms were cloned into a modified pT7CFE1-NHis-GST vector (Thermo 88871), which is

compatible with mammalian in vitro transcription and translation (IVT) kits, and CREB1 isoforms were cloned into pDEST15-

NGST (Thermo 11802014), which is compatible with the PURExpress IVT kit (New England Biolabs). Proteins were then expressed

using either the 1-Step Human Coupled IVT Kit (for TBX5 isoforms) or PURExpress In Vitro Protein Synthesis Kit (for CREB1) (NEB

E6800L), using the manufacturers’ recommended protocols, with the exception of an addition of 1.5 mL custom tRNA mix (NEB

N6842Z) to the 25 ml CREB1 PURExpress reactions. Protein expression was verified and quantified by Western blot using a dilution

series of recombinant GST protein (Sigma G5663) as a standard. Primary rabbit anti-GST polyclonal antibody (Sigma G7781)

(1:160,000) and secondary goat horseradish peroxidase-conjugated IgG monoclonal antibody (Pierce 31460) (1:200,000) were

used for Western blotting.

Universal PBMs representing all 10-mers in 8 x 60K, GSE format (Agilent Technologies: AMADID #030236) were used. For TBX5

arrays, double-stranding of the PBM oligonucleotide arrays was performed as previously described.70,145 The polymerase we used

for the TBX5 PBM arrays (Thermo Fisher Thermo Sequenase Cycle Sequencing Kit 785001KT) was discontinued by the manufac-

turer, and so, for doublestranding the arrays used in the CREB1 PBM double experiments, we instead used Cytiva Thermo Seque-

nase DNA polymerase (Cytiva E790000Y) using three times as much polymerase as in our standard PBM protocol64 but otherwise

following the manufacturer’s protocol. PBMs were then performed as described,70,145 using 50 mg/mL Alexa-488-conjugated rabbit

polyclonal anti-GST antibody (Invitrogen A11131) in PBS / 2% (wt/vol) nonfat dried milk. CREB1 isoforms were assayed at 400 nM
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final concentration and TBX5 isoforms were assayed at 750 nM final concentration. PBMs were scanned in a GenePix 4400A micro-

array scanner. Each isoform was assayed onR 2 independent arrays, and alternative isoforms were always assayed alongside their

cognate reference isoforms in a separate ‘chamber’ on the same array. Because of the higher level of noise when assaying full-length

TFs compared to extended DBDs, each reference isoform was assayed on an additional R 2 independent arrays to ensure robust

quantification and differential comparisons.

Protein-protein interaction assay with yeast two-hybrid (Y2H)
Y2H Screens

The Y2H screens were performed mostly as described in Luck et al.61 with some modifications.

Yeast strains and transformation. Competent yeast strain Y8800, mating type MATa (leu2-3,112 trp1-901 his3D200 ura3-52 gal4D

gal80D GAL2::ADE2 GAL1::HIS3@LYS2 GAL7::lacZ@MET2cyh2R) were transformed with individual AD-ORF constructs and plated

onto yeast synthetic complete media146 lacking tryptophan (SC-Trp) to select for AD-ORF plasmids.

Competent yeast strain Y8930, mating type MATa, (leu2-3,112 trp1-901 his3D200 ura3-52 gal4D gal80D GAL2::ADE2 GAL1::

HIS3@LYS2 GAL7::lacZ@MET2cyh2R) were transformed with individual DB-ORF constructs and plated onto SC-Leu to select for

DB-ORF plasmids. Haploid DB-ORF yeast strains were tested for auto-activation of the GAL1::HIS3 reporter gene. Individual DB-

ORF yeast strains were spotted on SC-Leu-His+1mM 3AT media and any strains showing growth were considered auto-activators

(AAs) and removed from the collection of strains to be screened.

Primary Y2H Screens. Two first-pass Y2H screens were performed, in which all TF isoforms were tested against (1) the hORFeome

v9.1 collection of �17,500 ORF clones61,146 and (2) a subset of the hORFeome collection that were annotated as TFs or co-factors.

The list of co-factors was taken from the union of the TcoF database147 using the January 2017 update, and from Hein€aniemi et al.148

In both Y2H screens, TF isoformswere tested as fusions to theGal4 activation domain (AD) in the Gateway compatible pDEST-AD-

CYH2 vector, and screened against the hORFeome v9.1 fused to the Gal4 DNA-binding domain in the Gateway compatible pDEST-

DB vector. To perform the screen pools of Y8930:DB-ORF yeast strains (baits) were mated against pools of Y8800:AD-ORF strains

(preys). The TF isoforms AD-ORF yeast strains were combined into pools of 100 individual strains. In the large screen against the

hORFeome the DB-ORF strains were combined into pools of 8 DB-ORF strains, and in the second focused screen DB-ORF strains

were screened individually. These first-pass screens represent a systematic interrogation of �13 million possible PPIs. To perform

the mating, fresh overnight cultures of DB-ORF strains (either pools or individual) were mixed with AD-ORF strain pools and grown

overnight at 30oC in liquid rich media (YEPD). After overnight growth, the mated yeast cells were transferred into liquid SC-Leu-Trp

media to select for diploids and again grown overnight at 30oC. Finally the yeast cells were spotted onto SC-Leu-Trp-His+1mM 3AT

solid media to select for activation of the GAL1::HIS3 reporter gene. In parallel, diploid yeast cells were transferred onto SC-Leu-

His+1mM 3AT solid media supplemented with 1 mg/l cycloheximide (CHX) to test for spontaneous DB-ORF auto-activators. All

AD-ORF plasmids carry the counter-selectable marker CYH2, which allows selection on CHX-containing media of yeast cells that

do not contain any AD-ORF plasmid. After 72h incubation at 30�C, yeast that grew on SC-Leu-Trp-His+1mM 3AT media but not

on SC-Leu-His+1mM 3AT+ 1 mg/l CHX media were picked into SC-Leu-Trp grown overnight and then processed to determine

the identity of the respective bait and prey proteins. To identify the interacting bait and prey we used SWIM-Seq as described in

Luck et al.61

The hits from the screenwere then combinedwith PPIs from the subset of HuRI61 that was detected using Y2H v1with the TF as the

AD fusion, and Lit-BM-17,61 a dataset of literature-curated PPIs with multiple evidence including at least one experimental method

that detects binary PPIs. These pairs were then tested in a series of initial pairwise Y2H experiments, testing each isoform of a TF

gene against all interaction partners. These experiments were used to filter out pairs that were not positive with any of the isoforms

of a TF gene, TF isoforms that were not positive with any interaction partner, and profiles of TF genes that were not positive (for at least

one isoform) with at least two different partners and had at least two different isoforms with at least one positive interaction. These

experiments were described as below, with the exception that the plate position of pairs was randomized, rather than keeping all

isoforms of the same gene with the same partner on the same plate.

In the final pairwise test, we included additional pairs to test, so that we could compare the PPI profiles of paralogs to those of

isoforms without the confounding effect of the sampling sensitivity of the screening. For a subset of paralogous TF genes and a con-

trol set of random paired non-paralogous genes (see the section on Paralogs definition), we additionally tested all isoforms of each

paired gene with any additional interaction partners tested for the other gene.

Y2H Pairwise Test

Following first-pass screening, each protein isoformwas pairwise tested for interactionwith the candidate partners identified not only

for itself but also for all first-pass partners of all other protein isoforms encoded by the same gene, thus minimizing biases due to

incomplete sampling sensitivity.149 To generate a final dataset of verified Y2H pairs, pairs were accepted if they showed (1) a valid

growth score and (2) their ORF identities were confirmed by sequencing of the PCR products amplified from the tested colonies.

Briefly, interactors were inoculated in 200 mL corresponding selection media and mated overnight at 30�C in 150 mL liquid rich me-

dia (YEPD). The following day, mated yeast cells were transferred into 150 mL liquid SC-Leu-Trp media to select for diploids. After

overnight incubation at 30�C, 5 mL diploid yeast cells were spotted onto SC-Leu-Trp-His+1mM 3AT solid media to select for activa-

tion of the GAL1::HIS3 reporter gene as well as on SC-Leu-Trp to control for successful mating. AA tests were included by mating

each Y8930:DB-ORF against a Y8800:AD-null (containing no ORF), which was included on each test plate for each individual
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Y8930:DB-ORF. Spots were scored for growth61 with scores of 0, 1, 2, 3, 4, and NA for cases where the spotting had failed. Growth

scores of 0 and 1were considered not growing. If a spot corresponding to either the pair or the corresponding AA-test did not grow on

SC-Leu-Trp, the pair was scored NA. If the AA-test had a growth score of 4, the corresponding pair was scored NA. Interactions were

scored positive if they had higher growth scores on SC-Leu-Trp-His+1mM 3AT solid media compared to the auto-activator test and

had a growth score of at least 2; otherwise they were scored negative. All positive scored colonies were picked, lysed and the identity

of the two interacting proteins was confirmed performing SWIM-seq.61 In addition, all SC-Leu-Trp plates were also sequenced. On

each test plate, internal controls were included and in each batch of tested plates a positive reference set (PRS) and random refer-

ence set (RRS) was tested alongside the actual experiment.

Protein-protein interaction validation using mammalian NanoLuc two-hybrid (mN2H)
A random sample of PPIs identified by Y2H assays were validated in an orthogonal system by luciferase complementation assays in

HEK293T cells,150 along with positive and negative controls (Data S4). The tested positive Y2H pairs were a random sample of 300

pairs. The sample of negative pairs to test were selected in two steps: (1) negative pairs involving the same PPI partner with different

isoforms of the same TF genes as the sampled positive pairs, where all negative pairs for each TF gene and partner combination were

randomly selected to be included using a probability with a value of the fraction of positive pairs sampled for that gene; (2) an addi-

tional random sample of 150 negative pairs. The rationale behind this approach is that: by pairing the positive to negative pairs in step

(1) we should reduce the variance when comparing positive to negative. The random selection in step (1) ensures a uniform random

sample. Without it, the sample would be biased towards negative pairs with a larger number of positive PPIs involving other isoforms

of the same TF gene. The additional pairs from step (2) were needed to increase the size of the negative sample to match the size of

the positive sample.

In this assay, interacting partners were cloned into the corresponding N2H gateway plasmids (pDEST-N1 or pDEST-N2). Briefly,

30,000 HEK293T cells were seeded in a 96-well, flat bottom, cell culture microplate (Greiner Bio-One, #655083), and cultured in Dul-

beccoʼsmodified Eagleʼsmedium (DMEM) supplemented with 10% fetal calf serum at 37�C and 5%CO2. Next day, cells were trans-

fected with 100 ng of eachN2H plasmid using linear polyethylenimine (PEI) to co-express the protein pairs fusedwith complementary

NanoLuc fragments, F1 and F2. The following day, the media was removed and 50 mL of 1003 diluted NanoLuc substrate (Promega,

#N1110) or 1003 diluted furimazine substrate (Yves Janin) was added to each well of a 96-well microplate containing the transfected

cells. Plates were incubated for 3 min at room temperature. Luciferase enzymatic activity was measured using a TriStar luminometer

(Berthold; 2 s integration time).

Transcriptional activity using mammalian one-hybrid assays
To measure TF isoform transcriptional activity, modified mammalian one-hybrid assays (M1H) were performed in HEK293T cells.

Briefly, TF isoform ORFs were cloned into a Gateway compatible DB-pEZY3 vector such that TF isoforms would be N-terminally

fused to the Gal4 DNA-binding domain (DB). Four copies of the yeast UAS site corresponding to the Gal4 DB were then cloned up-

stream of the firefly luciferase reporter gene in a Gateway compatible pGL4.23[luc2/minP] vector. The DB-pEZY3 and 4xUAS-

pGL4.23 backbone vectors were generated for this study (Figure S2F). HEK293T cells were plated in 96-well white opaque plates

at a seeding density of �10,000 cells/well and incubated for one day at 37oC with 5% CO2. Cells were then transfected using Lip-

ofectamine 3000 (Invitrogen) according to the manufacturer’s protocol, with 80 ng of TF isoform (DB-pEZY3) plasmid, 20 ng of

4xUAS-pGL4.23 plasmid, and 10 ng of the renilla luciferase plasmid as a transfection normalization control. An empty DB-pEZY3

plasmid co-transfected with the 4xUAS-pGL4.23 were used as negative controls. Cells were incubated for 2 days after transfection

at 37oC with 5% CO2, and then firefly and renilla luciferase activities were measured using the Dual-Glo Luciferase Assay System

(Promega) according to themanufacturer’s protocol. Non-transfected cells were used to subtract background firefly and renilla lucif-

erase activities, and then firefly luciferase activity was normalized to renilla luciferase activity in each well. In this assay, if the TF iso-

form is recruited to the UAS by the fused Gal4 DB this would lead to the expression or repression of the downstream firefly luciferase

reporter genes depending on the endogenous activating or repressing activity of the TF isoform.

Condensate formation assay
Selection of isoforms for condensate assay

We selected 192 of our cloned isoforms (two 96 well-plates) to profile for condensate formation and localization in the condensates

assay.We prioritized alternative isoforms based on showing differences from the reference isoform in either the PDI, PPI, or transcrip-

tional activation assays. We restricted to genes where the MANE select isoform was cloned and the alternative isoform was cata-

loged in GENCODE. The assay criteria were: a difference in PDI profile with at least three DNA baits positive in at least one isoform

of the gene; a difference in PPI profile, with at least three successfully tested PPIs, and at least one positive PPI for both the reference

and alternative isoform; an 8-fold or greater difference in activation. These criteria were selected to try and get a roughly even split

between differences in the three assays. The cloned reference and all alternative isoforms of a TF genewere selected, such that many

other alternative TF isoforms that didn’t show differences in the three assays were also included in those to be tested. This selection

resulted in 50 TF genes. We then added an additional 11 TF genes which did not pass the selection above, but on manual inspection,

showed differences between reference and alternative isoforms in our assay readouts that we judged to be interesting. We removed

four cloned alternative isoforms that were not successfully tested in any of the three assays.
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High-throughput confocal microscopy

We transferred the reference and alternative isoform clones by Gateway LR reactions into a mammalian expression vector

pcDNA3.1-ccdB-EGFP containing a C-terminal EGFP tag. All these clones were subjected to high-content imaging for condensate

formation in two cell lines, HEK293T and U2OS. HEK293T and U2OS cells were transfected using standard protocols with FuGENE

HDTransfection Reagent (Promega, Cat. No. E2311) in a 96-well plate format in DMEMandRPMImedia, respectively, supplemented

with 10% FBS and appropriate amounts of penicillin and streptomycin. 48 hours after transfection, cells were stained with DAPI, and

imaging was performed using a ZEISS LSM 880 confocal microscope using a 63x objective. For comparative purposes, all available

reference and alternative isoforms of the same gene were included in the same 96-well plate, for high-content imaging. We filtered

out proteins that were not expressed from our imaging screen analysis. Alternative isoform-mediated condensate calls (Gain-of-

condensate or GOC, Loss-of-condensate or LOC, and unchanged) were obtained, by comparing to their reference isoform profile

(i.e., condensate or non-condensate). All phase separation experiments were performed in duplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Gene Annotation
TF families were defined by Lambert et al.20 MANE select transcripts were obtained from the file MANE.GRCh38.v0.95.summar-

y.txt.46 APPRIS transcript annotations were obtained from the file APPRIS-annotations_human_GRCh38.p13_ensembl104.tsv.151

Protein domain annotation
Pfam domains were mapped to protein isoforms from GENCODE v30 and our TFiso1.0 clone collection using HMMER version 3.3

and Pfam version 32.0. Domain matches were filtered for E-value < 0.01 and c-Evalue < 0.01. Overlapping Pfam domains were

removed, keeping the domain with the lowest E-value. Zinc Finger domains, defined by membership of Pfam clan CL0361, that

were separated by 10 amino acids or less, were merged into a single ZF array domain. We manually curated a list of Pfam domains

that corresponded to DNA binding domains (Data S1). For TFiso1.0, we manually inspected each cloned reference isoform that did

not have an annotated DBD, finding that for two TFs, HIF1A and ZNF207, their DBDs were above the E-value cutoff, and so we im-

plemented a manual override of the filter in those two cases. Effector (activation and repression) domains were obtained from the

literature-curated database TFRegDB8 and from two published systematic tiling screens.6,7 Nuclear localization and export

sequence motifs (NLS/NES) were downloaded from UniProt on 2023-10-02. For the protein interaction partners, Pfam domains

were filtered for E-value % 10-5.

Proportion of alternative isoforms with domain affected
P-values and error bars for the fraction of domains in reference isoforms which are affected in alternative isoforms, were calculated

using a null model where the domain is randomly positioned along the reference isoform. This is calculated by first, for each domain/

reference-isoform/alternative-isoform combination, calculating a probability as the fraction of cases in which the alternative isoform

affects a dummy domain, a contiguous set of amino acids the same length as the real domain in the reference isoform, of all possible

positions of that dummy domain along the reference isoform. In the case of multiple domains of the same type on a single reference

isoform, the probabilities of at least one of the domains being affected was calculated, assuming independence. This array of prob-

abilities for a specific type of domain, with one value for each reference/alternative isoform pair, was used in a Poisson Binomial dis-

tribution to calculate p-values and confidence intervals. Because the independence assumption, in the case of multiple domains, is

violated by the fact that domains do not overlap, we compared our approach with a more computationally intensive and less numer-

ically precise approach of repeatedly randomly shuffling the positions of the domains along the reference isoform, not allowing over-

lap in the case of multiple domains of the same type, and we found that the two approaches gave consistent results (data not shown).

AlphaFold structural prediction
Predicted 3D structures of cloned TF isoforms were obtained using AlphaFold version 2.3.1. With options: –model_preset=mono-

mer_ptm –db_preset=full_dbs –max_template_date=2023-05-05. To produce figures showing the approximate position of DNA rela-

tive to the isoform structure, the AlphaFold structures were aligned to experimental structures of the TF, or a homologous TF, bound

to DNA. The experimental structures weremanually selected after searching for the amino acid sequence of the DNA binding domain

of the reference isoform on the PDB website. HEY1 was aligned to human CLOCK in CLOCK BMAL1 heterodimer, PDB: 4H10;

CREB1 was aligned to mouse CREB1 homodimer, PDB: 1DH3; TBX5 was aligned to mouse TBX5, interacting with NKX2-5,

PDB: 5FLV.

Predicted disorder values
Binary per-residue predictions of being in a disordered region, for each cloned isoform, were derived from the AlphaFold predicted

structures by152:

(i) calculating accessible surface area (ASA) and secondary structure using DSSP153

(ii) normalizing to relative solvent accessibility (RSA), using maximum ASA values from154
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(iii) calculating a sliding-window average RSA value for each residue, using awindow of 20 aa both sides of the residue in question

(iv) residues with this average RSA R 0.5 were categorized as ‘disordered’, with RSA < 0.5 as ‘structured’

(v) performed a correction for long alpha helices, which would generally be structured in binding, but have high solvent accessi-

bility when looking at the monomer structure, for example in bZIP TFs. Residues within contiguous regions classed as alpha

helix of 20 amino acids or longer were set to ‘structured’.
PPI partner classification
Protein interaction partners of the TF isoforms were categorized into one of four categories: TF, cofactor, signaling, or other. TF was

based on the Lambert et al.20 list, cofactorwere proteins that were not classed as TF but appeared in the list of human cofactors from

Animal TF DB v4.83 Signaling were those partners not already classed as TF or cofactor, that were annotated with the gene ontology

(GO) term ‘signaling’ (GO:0023052) or one of its related lower terms. GO annotations were generated by UniProt on 2023-07-28 and

the ontology file was released 2023-07-27. All remaining partner proteins were classed as other.

We obtained a list of TF families that typically bind DNA as obligate heterodimers from Jolma et al. Nat Meth. 2013.3 The 22 families

are: AP-2, ARID/BRIGHT, BED ZF, bHLH, bZIP, CENPB, E2F, EBF1, GCM, Grainyhead, HSF, IRF, MADF, MADS box, Myb/SANT,

Nuclear receptor, p53, RFX, Rel, SAND, SMAD, STAT.

Domain-domain PPI annotation
A list of interacting domain pairs was obtained from 3did82 2022-05 release. All possible domain pairs matching to the TF isoform and

partner protein were initially mapped. These 61 domain pairs and their corresponding evidence were manually inspected, filtered for

quality and duplicates were removed, resulting in a filtered list of 42 domain pairs. Further de-duplication was performed by

collapsing the multiple different Pfam domains corresponding to bZIPs (bZIP_1/bZIP_2/bZIP_Maf), homeobox (Homeobox/

Homeobox_KN), and PAS (PAS/PAS_3/PAS_9/PAS11) to a single domain each.

RNA-seq analyses
RNA-seq analyses were performed by pseudo aligning reads to transcriptome indices made using the following reference fasta files:

(1) to estimate the relative abundance of annotated transcription factor isoforms (GENCODE version 30) alone (i.e., analyses in Fig-

ure 1), we used the GENCODE version 30 protein-coding transcripts fasta file (which includes full transcript sequences, including

UTRs) as the reference, and (2) to estimate the abundance of both annotated TF isoforms and unannotated cloned isoforms in

the TFIso1.0 collection (i.e., analyses in Figures 2, 3, 4, 5, 6, and 7), we produced a consensus fasta reference that includes the afore-

mentioned GENCODE version 30 protein-coding transcripts as well as the CDS sequences of any unannotated, novel clones in our

collection. In both cases, we generated index files for the software Kallisto (version 0.46.0) using the ‘‘kallisto index’’ command with

default parameters. Pseudoalignment was then performed on fastq files using the ‘‘kallisto quant’’ commandwith default parameters

to estimate transcript per million (TPM) estimates per isoform. To estimate relative isoform abundance, gene-level TPM values were

computed as the sum of all isoform TPM values for a given gene, and individual isoform ratios were determined relative to the total

gene TPM for any genewith a TPM>1. GTEx datawere downloaded from the Sequence ReadArchive prior tomigration of the data to

ANVIL following dbGAP approval (phs000424.v8.p2). Developmental RNA-seq data fromCardoso-Moreira et al.50 were downloaded

from ArrayExpress (accession number E-MTAB-6814). TCGA breast cancer data were downloaded as paired-end bam files from the

NCI Genomics Data Commons portal following dbGAP approval (phs000178.v10.p8) and converted to paired-end fastq files using

samtools (version 1.15). For these analyses, we included a subset of representative GTEx samples (n=1,201 samples), spanning the

same 30 patients (where possible) for all 51 tissue regions (excluding cell lines).

Re-sampling GTEx data
Since the number of samples per condition and the number of conditions in theGTEx andDevelopmental RNA-seq datasets was very

different, in order to compare isoform expression between adult and developing tissues, we created a randomly sampled subset of

the GTEx dataset. To clarify: a condition in GTEx is one adult tissue type (e.g. ‘‘Liver’’) and a condition in Developmental RNA-seq is a

tissue/time-point (e.g. ‘‘Liver 10 weeks post conception’’). There were 1-5 samples per condition, with a median of 2 samples and a

total of 127 conditions in Developmental RNA-seq, and 5-379 samples per condition, with a median of 24 and a total of 51 conditions

in GTEx. To generate the resampledGTEx dataset we cycled through theGTEx tissues creating dummy conditions by randomly sam-

pling the total number and number of samples per condition of the Developmental RNA-seq dataset.

Ribo-seq analyses
Bulk Ribo-seq fastq files were downloaded from GEO (GSE182372). These single-end 36-nt reads were aligned to the human

genome (hg38) using 2-pass alignment with STAR and a custom transcriptome (ENCODE version 30 + novel TFIso1.0 isoforms).

To quantify exon-exon junctions, we used AltAnalyze135,136 version 2.1.4.
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Pairwise sequence identity analyses
Amino acid sequences were aligned using the pairwise2 module of biopython, with the blosum62 substitution matrix, an open gap

penalty of -10, an extend gap penalty of -0.5, and penalize_end_gaps=False.

Paralogs definition
Paralogs were downloaded from Ensembl Compara on 2023-10-26. The non-paralog control set of pairs was generated from the list

of paralog pairs, by randomly re-pairing the genes, removing any pairs that were in the original paralogs list of any caseswhere a gene

was paired with itself. Note that there are some pairs in the non-paralog control of TF genes from the same family. We repeated the

analysis with a different non-paralog control that specifically excludes within-family pairs and it produced very similar results (data

not shown).

Functional assay quantification
Jaccard distances of PPI and PDI data for a pair of TF isoforms were calculated as 1 - number of common interaction partners / total

number of interaction partners. Only partners that were successfully tested in both isoforms were included. For Y2H PPI data, we did

not use values where one of the isoforms had no interactions, in order to try and avoid artifacts where the clone was not functional in

the assay.

Violin plots
Violin plots were drawn with the Gaussian KDE in the python package seaborn but modified to fit bounded data by reflecting the

probability density back from the bounds, with the bounds being 0-1 in the case of PDI/PPI profile Jaccard distance, a lower bound

of 0 for absolute log2 fold change of activation, and 0%-100% for sequence similarity. The kernel bandwidth was set to 0.1/10% for

Jaccard distance/sequence similarity and 0.5 for absolute log2 fold change of activation.

PBM analysis
For all PBM replicates, a scan corresponding to a photomultiplier tube (PMT) gain of 500was selected, as this consistently resulted in

the lowest proportion of both over-saturated and under-saturated probes. PBM pre-processing was then performed using the upbm

data analysis pipeline as described previously.71 Briefly, probe intensities were background-subtracted, Cy3-normalized (to account

for any biases resulting from double-stranding the array) and spatially de-biased. Reference isoforms then served as ‘‘anchors’’ for

cross-array normalization for each gene. PBM inference to determine differentially bound DNA 8-mers was also performed using the

upbm pipeline, which tests for a difference in the 8-mer affinity scores against a null hypothesis of zero. GPR files are available via

GEO at accession GSE253638.

IDR:DBD inhibition analysis
DNA-contacting residues in the DLX4 and PKNOX1 homeodomains were determined based on the contacts of analogous residues

observed in crystal structures of related homologs—DLX5 (PDB: 4RDU) for DLX4 and Meis1 (PDB: 5EGO155) for PKNOX1—using a

5 Å cutoff distance between protein:DNA heavy atom pairs. Structural analysis was performed using MDTraj.156 All DNA-contacting

residues identified in the crystal structures share perfect sequence identity with the corresponding homolog.

Next, we used FINCHES to calculate mean-field interaction strengths between IDRs and surface residues of the DLX4 and

PKNOX1 homeodomains, using residue interaction parameters derived from the Mpipi-GG forcefield.75,157,158 Briefly, FINCHES

uses forcefield parameters developed for molecular simulations and repurposes them to create a sequence-specific intermolecular

energy function to predict transient ‘‘chemically-specific’’ interactions between an IDR and a partner. In this case, the solvent-acces-

sible surface residues from the DLX4 and PKNOX1 homeodomains were investigated.

Homeodomain structures were obtained from predicted models of the reference isoforms obtained from AlphaFold Protein Struc-

ture Database.55,159 IDRs were predicted using metapredict (v2.63).160 Due to minor discrepancies in the boundaries between the

homeodomain-flanking IDRs and high-confidence regions in the AlphaFold structures, we assigned the DLX4 homeodomain as res-

idues 124 to 180 and the PKNOX1 homeodomain as residues 266 to 325. Structural topology diagrams were generated using DODO

(https://github.com/idptools/dodo), with IDR dimensions predicted using ALBATROSS.157

The interaction strength of each IDR and defined sets of surface residues was determined by first computing an interaction param-

eter (ε) between all overlapping 31-residue tiles of the IDR and the surface patches, representing the average favorability of IDR inter-

action over the given surface residues. These IDR:surface ε values were then summed along the length of the IDR to provide a total

interaction strength for the surface with the IDR. This approach is analogous to prior work calculating apparent IDR:folded domain

interaction.75 We also note this simplifying approach does not take steric considerations of the IDR into account. We evaluated the

interaction strengths for the set of DNA-contacting residues of each homeodomain and compared these with the non-contacting

residues, summing the contributions for all IDRs present in each isoform. This allowed us to calculate an IDR:DNA binding residue

versus an IDR:non-DNA binding residue comparison.

Code for reproducing this analysis is available at https://github.com/holehouse-lab/supportingdata/tree/master/2024/tf_

isoforms_2024.
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TBX5 ChIP-seq analysis
Uniformly processed human TBX5 ChIP-seq peaks were downloaded (bed and bigwig files) from ChIP-Atlas.78 Only studies profiling

wild-type TBX5 were considered (see key resources table for a list of Accession IDs), and only peaks with MACS2 q-values < 1x10-5

were considered. Any overlapping peaks were de-duplicated using the bedtools161 merge command, such that only one peak from

one study was considered (randomly sampled) in any overlapping regions, resulting in a final list of 2,074 non-overlapping TBX5 ChIP

peaks. Peak regions were then centered to the nucleotide with the highest ChIP signal and trimmed to 150 nucleotides using

bwtool162 and hg38 genome sequences were extracted for each centered peak using bedtools.161 GENRE132 was then used to

generate a list of matched genomic background sequences (of the same length) for k-mer enrichment analyses.

Csat analysis
Microscopy images were acquired on a Zeiss LSM 880 confocal laser scanning microscope equipped with a Plan-Apochromat 63x/

1.4 oil DIC M27 objective with a pinhole size of 46 mm (1 Airy unit). mEGFP (expressed fused on the c-terminal of constructs) was

excited with a 488 laser and imaged with emission filters 498-552 nm. As Csat curve analysis requires (1) construct expression levels

that differ >10 fold and (2) ensuring a linear range of intensities in both condensates and the dilute phase (i.e., nucleoplasm or cyto-

plasm) which typically differ by >10 fold, laser power is optimized for each field. This optimization is done by the user in real-time at the

scope with the guiding principles that the max pixel should be roughly 10% of the max of the detector, maximizing signal to noise

while maintaining the linearity of the image digital units with a concentration of construct. Quantitative comparison between the

different laser settings is achieved by converting each image to digital units (after background subtraction) referenced at 1% laser

power (reported as AU). This conversion was done using an empirically measured conversion factor formula determined with con-

version factors calculated from the slope of the pixel values when imaging the same field of view at 1% laser power and various other

laser settings, only including those pixels within linear range in both images. Note that these images were not used for Csat analysis

as pixels were frequently out of linear range, and each field was only imaged once to avoid the complication of photobleaching. All

other microscope and camera settings were kept constant. For analysis, cells or nuclei at different expression levels were found and

the rough region containing them was hand-segmented with polygons to remove extra-cellular debris and other nearby cells. The

designation of containing condensates was user decided at this point prior to Csat quantification. Measurement of the dilute phase

concentration was done manually by choosing a non-foci-containing location and getting the value at that pixel with a maximal

Gaussian blur to lower that noise but without including foci. To approximate the total concentration (x-axis) the average pixel value

was calculated in a 2D image in a binary mask for the cell. This binary mask for the cell was determined by taking the image in the

polygon segmented region, blurring it with a pixel radius of 5, doing amorphological binarization using the dilute phase value, filling all

holes in the object, and deleting small components. The exact command in Mathematica is DeleteSmallComponents[FillingTrans-

form[MorphologicalBinarize[Blur[image, 5], dil]]] where image and dil is the polygon segmented image region and digital value for

the dilute phase chosen, respectively. This was done using a custom-made Mathematica GUI based on that used in Riback et al.

Nature 2020.106

Human Protein Atlas localization validation
Subcellular localization data from the Human Protein Atlas100 were downloaded on October 26, 2023. The following Human Protein

Atlas subcellular localization annotations were considered ‘‘cytoplasmic’’: Actin filaments, Cleavage furrow, Focal adhesion sites,

Intermediate filaments, Centriolar satellite, Centrosome, Cytokinetic bridge, Microtubule ends, Microtubules, Midbody, Midbody

ring, Mitotic spindle, Aggresome, Cytoplasmic bodies, Cytosol, Rods & rings, Mitochondria, Endoplasmic reticulum, Vesicles, Endo-

somes, Lipid droplets, Lysosomes, Peroxisomes, Golgi apparatus, Cell junctions, Plasma membrane. If one of the above localiza-

tions was observed in any localization column (Approved, Enhanced, Supported, Uncertain), we considered the protein to be ‘‘cyto-

plasmic’’ in Figure S6A.

Classification of negative regulators and rewirers
We defined negative regulator alternative isoforms as those exhibiting one or more of the following: (1) those that show 0 PDIs while

their cognate reference isoform showsR 1 PDI or those that loseR 10%of the DBD; (2) those that show loss of activation compared

to their reference isoform (reference has M1H signalR 1, alternative has M1H signal between 1 and -1, and alternative log2FC% -1

compared to reference) or loss of repression compared to their reference isoform (reference has M1H signal % -1, alternative has

M1H signal between 1 and -1, and alternative log2FC R 1 compared to reference); (3) those that show 0 PPIs while their cognate

reference isoform shows R 1 PPI or those that lose all of 1 key type of PPI (within-family TFs of obligate dimers, signaling proteins,

or transcriptional cofactors). To classify an alternative isoform as a negative regulator, we required that it show evidence of function-

ality in 1 additional assay as follows: (1)R 1 PDI, (2)R 1 PPI, or (3) M1H signalR 1 (activation) or% -1 (repression). Thus, only alter-

native isoformswith data fromR 2 assays (eY1H, Y2H, orM1H) were classified based on assay data alone; unless we considered the

isoform a negative regulator due to loss of DBD (in those cases, evidence of functionality could come fromY2H orM1H assays alone).

Finally, we layered subcellular localization on top of these categorizations (we did not consider it with the same initial weight as the

Y1H, Y2H, and M1H assays as localization in and of itself is not evidence of TF functionality): any alternative isoforms whose local-

ization changed from nuclear or both nuclear/cytoplasmic in the reference to solely cytoplasmic in either HEK293T or U2OS imaging

assays were considered negative regulators. Any alternative isoforms with data in R 2 functional assays (eY1H, Y2H, or M1H) that
e12 Molecular Cell 85, 1445–1466.e1–e13, April 3, 2025
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hadR 1 difference in PPIs or PDIs, or log2FCR 1 or% -1 (with at least 1 isoform havingM1H signal above baseline), or a difference in

subcellular localization in either cell line, were considered to be rewirers; anywith 0 difference in PPIs or PDIs, and log2FC between -1

and 1, and no differences in localization in either cell line were considered to be similar to the reference isoform. Only one isoform

loses function across all tested axes (PPARG-3, see Figure S7C) and was filtered out of downstream analyses as likely non-

functional.

TF Atlas mORF analyses
We downloaded data from the TF over-expression atlas (Joung et al.114): TF ORF library sequences (Table S1A from Joung et al.), TF

over-expression scores (processed, Table S2B from Joung et al.), and single cell mRNA counts data (h5ad file, GEO: GSE216481). To

intersect our clone collection with their library, we first attempted tomatch based on amino acid sequence; if this failed, we attempted

tomatch based on annotated Ensembl transcript IDs. To examine the effect of TF over-expression on differentiation (Figure S7G), we

used their processed ‘‘Diffusion difference’’ as the effect size and ‘‘Diffusion P-value’’ as the p-value. To examine how TF isoforms

affect gene expression (Figure 7L), we re-processed scRNA-seq data from the author-provided h5admatrix with associated cell bar-

codemetadata. To control for variance in the number of cells expressed for each isoform and high dropout rate, we applied ametacell

aggregation approach. In brief, 50 metacells were generated for each TF isoform, with each metacell produced from the average

expression of 5 corresponding randomly selected representative cells with possible re-sampling. Differential expression between

the TFIso1.0 alternative and reference isoformwere generated in the software AltAnalyze,135,136 using themetaDataAnalysis function

(fold > 0, empirical Bayes t-test p < 0.05, FDR corrected). To perform gene set enrichment analyses (Data S10), we used the gseapy

package prerank function to look for enrichment of MSigDBHallmark 50 pathways and used the log fold-changes of gene expression

between alternative and reference isoforms as the ranking metric. Thus, positive normalized enrichment scores indicate relative up-

regulation in the alternative isoform compared to the reference isoform, while negative normalized enrichment scores indicate the

reverse.We used an FDR cutoff of < 0.25, which the authors of GSEA consider to be a reasonable threshold for hypothesis generation

(GSEA Software Wiki, Broad Institute). For Figure 7L, we removed redundant gene sets that overlap by more than 5% for clarity.

Paired tumor/normal TCGA analysis
We used paired (i.e., from the same patient) tumor/normal samples from breast cancer (BRCA), lung adenocarcinoma (LUAD), and

head and neck squamous cell cancer (HNSCC) (Data S9). We only considered primary tumors and ignored metastases. In some

cases, there were repeat samples from the same patient – we randomly sampled 1 paired sample in each case to make the final

list of 112 BRCA patients, 105 LUAD patients, and 43 HNSCC patients. To find isoforms that show significant differences between

tumor and normal controls, we performed paired Wilcoxon tests between the fractional isoform expression in normal samples

compared to the fractional isoform expression in tumor samples, requiring aminimum gene-level expression of 1 TPM in both normal

and tumor samples in a minimum of 20 such paired samples. We then corrected these p-values for multiple hypothesis testing using

the Benjamini-Hochberg method and an FDR of 0.05 (Data S9). Oncogene and tumor suppressor annotations are from the OncoKB

database.163,164
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Figure S1: Sequence and expression diversity of annotated TF isoforms, related to Figure 
1 
A. Number of unique annotated protein isoforms per TF family. Mean number of isoforms per 
gene is shown as a dotted vertical line. Only TF families with ≥ 20 genes are shown; the 
remaining TF families are collapsed into the “other” category. P-values from two-sided 
Mann-Whitney tests. 
B. Number of alternative isoforms that exhibit various sequence differences compared to their 
cognate reference isoforms. Categories are not mutually exclusive (so an alternative isoform 
could exhibit both an alternative N-terminal and exon skipping, for example). 
C. Observed fraction of alternative isoforms with ≥ 50% removal of various protein domains 
(blue X) compared to the expected fraction (black error bars, 99% CI) as defined by a null model 
assuming the domain is randomly positioned along the protein. DBD = DNA-binding domain; 
NLS/NES = nuclear localization/export signal. 
D. Analogous to C, but showing specific domains that are collapsed in the “Other Pfam 
domains” category in C. Only domains with ≥ 30 annotation instances are shown. 
E. Number of unique body sites (i.e., staged tissues) (left) and number of samples per body site 
(right) for both GTEx and Developmental RNA-seq. Developmental RNA-seq has more unique 
body sites, but fewer individual samples per body site, compared to GTEx. 
F. Maximum isoform fraction compared to the minimum isoform fraction of alternative TF 
isoforms in re-sampled GTEx, where isoform fraction is defined as the expression level of an 
isoform normalized to the total expression level of its host gene. Dashed lines show the 
definitions used for isoforms that exhibit “switching” events and isoforms that remain lowly 
expressed. Only isoforms whose host genes are expressed at ≥ 1 TPM in ≥ 1 sample are 
shown. 
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Figure S2: Overview of TFIso1.0 clone collection and TF molecular function assays, 
related to Figure 2 
A. Number of clones in TFIso1.0 across all observed TF families. 
B. Median and maximum expression levels (in TPM) in re-sampled GTEx RNA-seq data of 
reference, annotated alternative, and novel alternative isoforms in TFIso1.0. 
C. Number of samples where reference, alternative, or novel TF isoforms are expressed ≥ 1 
TPM or ≥ 5 TPM in Developmental RNA-seq and re-sampled GTEx. Box plots (B and C) show 
median, interquartile range (IQR), 1.5× IQR, and outliers. 
D. Expression profile of a novel isoform in TFIso1.0, ZNF414-1. Log2 TPM values (top) and 
isoform fraction (bottom) for each ZNF414 isoform. All liver samples from Developmental 
RNA-seq data are shown. Numbers in sample names correspond to weeks post-conception. 
Samples where ZNF414-1 is expressed ≥ 1 TPM are outlined. 
E. Fraction of residues predicted to be in disordered regions comparing reference and 
alternative isoforms. White dot indicates the median, dark-gray box indicates IQR. P-value 
calculated using a two-sided permutation test. 
F. Plasmids used in the M1H assay. 
G. Percent of TF isoforms belonging to different TF families in GENCODE, the entire TFIso1.0 
collection, those that have been successfully tested in each assay (“all” categories), and those 
that show evidence of function (≥ 1 PDI, ≥ 1 PPI, ≥ 2-fold M1H activity) in each assay.  
H, I. Results of testing our Y2H PPI data in the mN2H assay, along with positive and negative 
controls, displayed as a bar chart (H) and a titration across the readout value (I), with the cutoff 
displayed as a vertical dashed line. Error bars/bands are 68.3% Bayesian CI. hPRS-v2 = human 
positive reference set version 2; hRRS-v2 = human random reference set version 2. 
J, K. Results of testing our Y1H PDI data in the luciferase assay, displayed as a bar chart (J) 
and a titration across the readout value (K). Error bars/bands are 68.3% Bayesian CI. 
L. M1H activity fold-change correlation across 3 independent transfection replicates. 
M. Proportion of isoforms exhibiting ≥ 1 PPI, ≥ 1 PDI, ≥ 2-fold activation/repression in M1H, or 
any one of the three across reference, annotated alternative, and novel alternative isoforms, 
normalized to the total number of those isoforms in TFIso1.0. Error bars are 68.3% Bayesian CI. 
N, O. Percentage of isoforms with unique exon-exon junctions that can be validated with 
Ribo-seq data (using a minimum threshold of at least 5 mapped reads in at least 1 sample), 
broken up by isoform category (N) and additionally by median RNA expression in the 
Developmental RNA-seq (O). The percentage values are annotated above the bars and the 
total numbers of isoforms in each category are annotated at the bottom of the bars. 
P. Sashimi plot showing an example novel isoform, ZNF250-2, that was validated in the 
Ribo-seq data. The novel isoform was validated in both hepatocytes and brain, where it is the 
only isoform engaged by ribosomes (boxed number). 
Q. Western blot showing endogenous expression of novel isoform SP2-2. Left lanes show 
unmodified cells, right lanes show the effect of over-expressing SP2 isoforms in HEK293T cells. 
The expression plasmid used expresses both unmodified and N-terminal GST-tagged (+26 kD) 
ORFs. SP2-3 was included as a negative control for the SP2 antibody, which used the 
C-terminal region of SP2-1 as an immunogen, and thus should not detect SP2-3. Less lysate 
was loaded into the transfection wells to minimize over-saturation of the primary GST-ORF 
bands compared to the endogenous bands.  
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Figure S3: DNA binding preferences of TF isoforms, related to Figure 3 
A. Left: exon diagrams of the 3 ZIC3 isoforms included in TFIso1.0. NLS = nuclear localization 
sequence. Right: PDI results from the Y1H assay. Missing boxes correspond to baits that were 
not successfully tested against one of the isoforms. 
B. M1H activity results for CREB1 isoforms.  
C. MA plot showing the PBM results comparing the alternative and reference isoforms of 
CREB1 for every 8-mer. Points are colored by the differential affinity q-value. Open circles 
correspond to 8-mers containing the canonical CREB1 5-mer CGTCA (or its reverse 
complement). Points below the dashed horizontal line correspond to 8-mers for which the 
alternative isoform shows reduced affinity compared to the reference isoform. 
D. Left: exon diagrams of the 3 DLX4 isoforms. Right: PDI results from the Y1H assay. 
E. Left: exon diagrams of the 4 PKNOX1 isoforms. Right: PDI results from the Y1H assay. 
F. Schematic of the autoinhibitory model. IDRs with favorable interactions with those residues 
involved in DNA binding can compete with DNA, effectively acting as a locally tethered 
competitive inhibitor for DNA binding. 
G. Predicted mean-field interaction between all IDRs present in each isoform and DNA 
contacting residues (blue bars, left) or all other residues (grey bars, right) on the 
homeodomains. More negative values reflect more attractive interactions. 
H. Structural representation for DLX4 isoforms created with IDRs reconstructed at their 
predicted dimensions in isolation. All IDRs can interact directly with the homeodomain.  
I. Structural representations for PKNOX1 isoforms created with IDRs reconstructed at their 
predicted dimensions in isolation. All IDRs can interact directly with the homeodomain. 
J. Enrichment of the canonical TBX5 6-mer AGGTGT, the altered 6-mer ACGTGT, or a negative 
control 6-mer TAATTA (or each of their reverse complements) across TBX5 ChIP-seq peaks. 
Solid black lines show enrichment in ChIP peaks (foreground); dotted grey lines show 
enrichment in matched genomic negative control regions (background). Lines show the moving 
average of k-mer density, using a window of 8 nucleotides. 
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Figure S4: Transcriptional activity and protein binding preferences of TF isoforms, 
related to Figure 4 
A. Number of activation and repression domains annotated in each of the 3 studies used in this 
work. Note that Soto et al. is based primarily on literature curation, whereas Tycko et al. and 
DelRosso et al. are each large-scale tiling screens. 
B. Percent of TF isoforms containing an either annotated activation or repression domain that 
are either above (≥ 1) or below (≤ -1) the M1H baseline activity levels.  
C. M1H activity changes (log2(alternate isoform activity/reference isoform activity)) across all 
pairs assayed.  
D-G. Examples of TF genes with isoforms that have: opposite effects on transcription (D); lose 
an annotated activation domain (E); show dominance of annotated activation domains over 
repression domains (F); and show potentially incomplete effector domain annotation (G). Left: 
exon diagrams. Right: M1H results. 
H. Fraction of the subset of PPIs mapped to domain-domain interactions that are retained in 
each alternative isoform, relative to the reference isoform, in cases where the alternative isoform 
fully or partially loses the interacting domain, or contains the full domain. 
I. Full heatmap showing the fraction of isoforms interacting for combinations of families of TF 
isoforms (y-axis) and families of TF PPI partners (x-axis). Within-family dimerizations are 
therefore denoted on the diagonal of the heatmap. TF families that bind DNA as obligate dimers 
are marked with outlined black boxes on the diagonal. The number within each cell indicates the 
number of PPIs that fall into that specific category, and the color denotes the mean fraction of 
isoforms interacting. 
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Figure S5: Functional differences between TF isoforms and TF paralogs, related to Figure 
6 
A-C. Jaccard distance in PDIs (A) or PPIs (B) or the absolute log2 fold-change in M1H activity 
(C) between pairs of isoforms (blue) or paralogs (green) as compared to their pairwise amino 
acid sequence similarity. Lines show mean values across a sliding window of 40%; error bands 
are 68.3% Bayesian CI; P-values from two-sided permutation test. 
D-E. Number of zinc fingers in annotated zinc finger array TFs in either the reference isoform or 
alternative isoform; size of the circles corresponds to the number of isoform pairs in each bin. D: 
considering all isoforms annotated in GENCODE; E: considering only isoforms in TFIso1.0. 
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Figure S6: Condensate formation and subcellular localization differences between TF 
isoforms, related to Figure 6 
A. Percentage of reference isoforms that show cytoplasmic localization in the Human Protein 
Atlas compared to their localization in our high-throughput imaging assay in either HEK293T or 
U2OS cells. 
B. Maximum expression of reference isoforms (in TPM) in either Developmental RNA-seq or 
GTEx broken up by whether or not the reference isoform forms condensates in our 
high-throughput imaging assay in either HEK293T or U2OS cells. P-values shown are from a 
two-sided Mann-Whitney test. Circles are data points, box plots show median, interquartile 
range (IQR), and 1.5× IQR. 
C. Localization of alternative isoforms as compared to their cognate reference isoforms in 
HEK293T and U2OS cells. 
D Agreement in localization calls among all TF isoforms in HEK293T and U2OS cells. Size of 
the circle is proportional to the number of TF isoforms in that bin (shown in white). 
E. Percent of reference-alternative isoform pairs where both show condensates, the alternative 
gains or loses condensates compared to the reference, or neither isoform shows condensates 
in either HEK293T or U2OS cells. 
F. Condensate localization among reference and alternative isoforms in HEK293T and U2OS 
cells. 
G. Agreement in condensate call differences among reference-alternative TF isoform pairs in 
HEK293T and U2OS cells. Size of the circle is proportional to the number of TF isoforms in that 
bin (shown in white). 
H.-J. Differences in TF molecular functions (PDIs, H; PPIs, I; transcriptional activity, J) between 
alternative-reference TF isoform pairs that either show no difference in condensate formation or 
localization or those that do. For these analyses, only TF isoform pairs with consistent results 
across the two imaging cell lines were considered. P-values calculated using a two-sided 
permutation test. 
K. Representative images of the expression of GFP fusions with PBX1 isoforms U2OS cells 
(63x magnification). 
L. Representative images of the expression of GFP fusions with FOXP2 isoforms in U2OS cells 
(63x magnification). 
M. Number of alternative isoforms with NLS preserved or lost, relative to the reference isoform, 
split by whether there was an observed difference in localization between the reference and 
alternative isoform in HEK293T or U2OS cells. 

 



A

Negative Regulators: classification categories

D

HSF DBD
NLS NLS Vertebrate HS TF domain

RD AD RD RD AD

HSF2-1 (ref)
HSF2-201

HSF2-2 (alt)
HSF2-202

M1H Log2(alt/ref): 0.46
PPIs: identical

alt. category: 
similar to ref.

B
AD CBFB NFYA DBD

NFYA-1 (ref)
NFYA-201
NFYA-2 (alt)
novel
NFYA-3 (alt)
NFYA-202

alt. category: 
rewirer
rewirer

C
PPARG N-term zf-C4 (DBD) Ligand binding domain

PPARG-1 (cloned ref)
PPARG-201
PPARG-2 (alt)
PPARG-206/219/222
PPARG-3 (alt)
novel
PPARG-4 (alt)
PPARG-220

PPIs

PPIs

PPIs

PDIs

alt. category: 

rewirer

likely non-functional

neg. reg.

H I

localization
(HEK & U2OS)
nuc.
nuc.
nuc.

localization 
(HEK / U2OS)

cyto. / both

nuc. / nuc.

both / both

nuc. / nuc.

Figure S7

log2(activation fold change)

log2(activation fold change)

log2(activation fold change)

Paired lung cancer samples

SMAD3-4 (alt.)

−0.04 −0.03 −0.02 −0.01 0.00 0.01
Over-expression effect size

0

1

2

3

4

5

6

7

-lo
g1

0(
ov

er
-e

xp
re

ss
io

n 
p-

va
lu

e) GRHL3-3
HMBOX1-3
KLF7-3

GRHL3-4

PBX1-2
DLX1-2

similar rewirer neg. reg.ref.
Effect on differentiation

K

0.0

2.5

5.0

lo
g2

(T
PM

 +
 1

)

Ad
ip

os
e 

- S
ub

cu
ta

ne
ou

s
Ad

ip
os

e 
- V

is
ce

ra
l

Ad
re

na
l G

la
nd

Ar
te

ry
 - 

Ao
rta

Ar
te

ry
 - 

C
or

on
ar

y
Ar

te
ry

 - 
Ti

bi
al

Bl
ad

de
r

Br
ai

n 
- A

m
yg

da
la

Br
ai

n 
- A

nt
er

io
r c

or
te

x
Br

ai
n 

- C
au

da
te

Br
ai

n 
- C

er
eb

el
la

r h
em

is
ph

er
e

Br
ai

n 
- C

er
eb

el
lu

m
Br

ai
n 

- C
or

te
x

Br
ai

n 
- F

ro
nt

al
 c

or
te

x
Br

ai
n 

- H
ip

po
ca

m
pu

s
Br

ai
n 

- H
yp

ot
ha

la
m

us
Br

ai
n 

- N
uc

le
us

 a
cc

um
be

ns
Br

ai
n 

- P
ut

am
en

Br
ai

n 
- S

pi
na

l c
or

d
Br

ai
n 

- S
ub

st
an

tia
 n

ig
ra

Br
ea

st
C

er
vi

x 
- E

ct
oc

er
vi

x
C

er
vi

x 
- E

nd
oc

er
vi

x
C

ol
on

 - 
Si

gm
oi

d
C

ol
on

 - 
Tr

an
sv

er
se

Es
op

ha
gu

s 
- J

un
ct

io
n

Es
op

ha
gu

s 
- M

uc
os

a
Es

op
ha

gu
s 

- M
us

cu
la

ris
Fa

llo
pi

an
 tu

be
H

ea
rt 

- A
tri

al
 a

pp
en

da
ge

H
ea

rt 
- L

ef
t v

en
tri

cl
e

Ki
dn

ey
Li

ve
r

Lu
ng

Sa
liv

er
y 

gl
an

d
M

us
cl

e
N

er
ve

O
va

ry
Pa

nc
re

as
Pi

tu
ita

ry
Pr

os
ta

te
Sk

in
 - 

no
t s

un
 e

xp
os

ed
Sk

in
 - 

su
n 

ex
po

se
d

Sm
al

l i
nt

es
tin

e
Sp

le
en

St
om

ac
h

Te
st

is
Th

yr
oi

d
U

te
ru

s
Va

gi
na

W
ho

le
 B

lo
od

0%

100%

Pe
rc

en
ta

ge
 o

f
ge

ne
 e

xp
re

ss
io

n

CREB1-2 (ref) CREB1-1 (alt)

GTEx Expression

E F

L

G

total

negative regulator
rewirer

similar
0

20

40

60

80

100

Pe
rc

en
ta

ge
 o

f c
at

eg
or

iz
ed

 is
of

or
m

s

smaller families
Forkhead
T-box
E2F
SMAD
HMG/Sox
bZIP
Ets
bHLH
Nuclear receptor
Homeodomain
C2H2 ZF

GTEx (re-sampled)

normal tumor

5

10

15

20

25

30

G
en

e 
ex

pr
es

si
on

 (T
PM

) P = 0.91
CREB1 gene expression

−2 0 2
Gene TPM difference

(l2fc tumor/normal)

0

5

10

15

20

25

N
um

be
r o

f p
ai

re
d 

sa
m

pl
es

−0.2 0.0 0.2
Isoform difference
(tumor - normal)

0

5

10

15

20

25

N
um

be
r o

f p
ai

re
d 

sa
m

pl
es

CREB1 gene expression CREB1-1 alternative isoformJ

normal tumor
0%

7%

15%

22%

30%

Is
of

or
m

 p
er

ce
nt

ag
e

of
 g

en
e 

ex
pr

es
si

on

normal tumor
0%

7%

15%

22%

30%

P = 0.272

P = 0.229
SMAD3-2 (alt.)

rewirer

negative regulator
similar

combination NA
0.5

0.6

0.7

0.8

0.9

1.0

G
en

e-
le

ve
l t

is
su

e 
sp

ec
ifi

ci
ty

 (t
au

)

P = 0.028
P = 0.0061

P = 0.45

P = 0.35

loss of PPIs
loss of DBD
loss of PDIs

loss of activity
loss of localization

050

67
53

24
17
10

0

20

# 
is

of
or

m
s 32

20
10 8 4 4 3 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1



Figure S7: Alternative TF isoforms can function as negative regulators, related to Figure 
7. 
A-C. Examples of TF genes with isoforms that are similar to the reference (A), rewirers (B, C), 
negative regulators (C), and likely non-functional (C). For each gene, all assays (Y1H, Y2H, 
M1H, localization) with data are shown.  
D. Details of negative regulator TF isoform classification, broken-down by the different assays. 
E. Percentage of TF families among each category of alternative isoform. 
F. Gene-level tissue specificities (tau metric), calculated from the re-sampled GTEx RNA-seq 
data, among TF genes with either only rewirer alternative isoforms, only negative regulator 
alternative isoforms, only alternative isoforms that are similar to reference, some combination of 
the above, or only alternative isoforms that were unable to be classified (NA). P-values are from 
a two-sided Mann-Whitney test. Circles are data points, box plots show median, interquartile 
range (IQR), and 1.5× IQR. 
G. Effect of TF over-expression on differentiation (Diffusion difference and associated P-value) 
as calculated in the TF mORF Atlas, for isoforms in TFIso1.0. 
H. Total CREB1 gene expression levels in matched breast cancer tumor and normal samples. 
P-value is from a two-sided Mann-Whitney test. 
I.-J. Paired difference in total CREB1 gene expression (I) or CREB1-1 fraction (J) across 
matched breast cancer tumor and normal samples. 
K. Expression levels of CREB1 isoforms in GTEx. Log2 TPM values (top) and isoform fraction 
(bottom) for each CREB1 isoform. 
L. Isoform fraction of the additional two alternative SMAD3 isoforms in matched lung cancer 
tumor and normal samples (paired from the same patient, denoted using dotted lines). P-value 
is from a two-sided paired Wilcoxon test, adjusted for multiple hypothesis correction.  
 
 


